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LITERATURE SURVEY 
The mechanism of the photochemical substitution reaction 
of hydrocarbons with molecular chlorine (hereafter it is 
called photochlorination) is well established (1), although 
the termination steps depend somewhat upon the reaction condi­
tions . 
Cl2-^~ 201 
RH + 01 R. + HC1 ' 
R- + Clg RC1 + CI' 
Hydrogen abstraction by the chlorine atom is the slowest step 
of the photochlorination reaction. A primary deuterium-
isotope effect has been observed in this step (2). Competi­
tive photochlorination provides a simple method for determin­
ing the relative rates of this step. Since the absolute rate 
constants for reaction between chlorine atoms and the hydrogen 
molecule have been measured over a wide range of temperature 
(3), absolute rate constants for chlorine atom attack on 
simple hydrocarbons and alkyl chlorides are available (4). 
In processes involving long kinetic chains, such as the 
photochlorination reaction, the composition of the product is 
determined by the relative rates of attack of chlorine atoms 
on the different carbon-hydrogen bonds. The first extensive 
work on this point, i.e., the relation between structure and 
reactivity, was done by H. B. Hass et al. (5). They corrected 
many erroneous data on the boiling points of alkyl chlorides 
2 
and drew the following important rules : 
1) Carbon skeleton rearrangements do not occur during 
either photochemical or thermal chlorinatlon if 
pyrolysls temperatures are avoided. 
2) The hydrogen atoms are always substituted at rates 
which are in the order primary < secondary < tertiary. 
3) At increasing temperatures there is increasingly close 
approach to relative rates of 1:1:1. 
4) Liquid phase chlorinatlon relative rates are compar­
able to those-obtained at much higher temperatures in 
vapor phase. 
5) Moisture, carbon surface, and light do not affect 
appreciably these ratios. 
In the second rule the sequence in reactivities is in the 
order of stabilities of the alkyl radical produced. On this 
basis, one might expect that alkyl chlorides would undergo 
free radical chlorinatlon preferentially at the OC positions, 
since the following resonance-stabilized radical should be 
obtained. 
. .. .0 .© 
-C-Cl: -—• -C-Cl: 
l I •• 
However, this is not the case. Since chlorine atom is an 
electron-deficient species, carbon-hydrogen bonds of high 
electron density are preferentially attacked by chlorine 
atoms. This tendency was expressed by H. C. Brown as follows 
(6a): "The attack occurs preferentially at carbon-hydrogen 
3 
bonds remote from the chlorine substituent.11 Many data with 
chlorine gas and sulfuryl chloride are available on this 
point (6). Sulfuryl chloride is often a more selective re­
agent than molecular chlorine because of the existence of 
equilibrium 
so2 + CI - = SOgCl-
and attack, by S02C1- upon carbon-hydrogen bonds should be 
taken into account (7). Effects of other electron-withdrawing 
substituents were investigated by other workers and the re­
sults summarized by C. Walling (8). Here again the results 
show that the inductive effect of substituents are very impor­
tant in free radical chlorinatlons where chlorine gas or 
sulfuryl chloride is used as chlorinatlon reagent. H. C. 
Brown and A. B. Ash (6a) observed the following order of 
influence in directive effects: CgH5- > CH5-> H- > ClCH2-> 
ch3co2-> ci2ch-> Cl3Si-> ho2c- > Cl3C-> C10C-> ci2=> 
Cljjz FjC— Fg% . 
An interesting sequence of increasing stability of radi­
cals was observed based on 1,2-chlorine atom migration in free 
radical addition of hydrogen bromide to polyhaloalkenes (2): 
RCHg < RjpCH < R3C < RCHC1 < RgCCl < RCClg 
where R is the polyhaloalkyl radical. Although the conditions 
are not strictly comparable, the relative reactivity of 
carbon-hydrogen bonds in RCHg, RCH2C1 and RCHC12 and the order 
of stability of the radicals produced by chlorine atom attack 
4 
on those compounds are completely reverse. 
The above mentioned phenomena can be explained in terms 
of the transition state of the reaction (10). 
X- + RH —• (RiH'X — R+ • HX : ~ ^ R-H:X] —-R- + HX 
I II III 
In terms of the Hammond postulate (11), when Xe is very 
reactive, the transition state will resemble the rejetant 
but when the reactivity of X* is low, the transition state 
resembles the products of the reaction and the stability of 
the products becomes more important. In the case of photo­
chlorination the carbon-hydrogen bond is only partially broken 
in the transition state (12). The transition state is best 
represented by structures I and II when I resembles the 
reactants. The relative reactivities of substituted toluenes 
, * 
toward chlorine atoms are proportional to tne sigma constant 
of the substituent as would be expected for structure II. 
It would appear that the importance of structure II would 
depend upon both the extent of bond breaking, the electron 
affinity of X* and the availability of electrons at the 
carbon-hydrogen bond being attacked. 
Since the contribution of structure II to the transition 
state is important, this resonance-polar effect should con­
*Roger Williamson. Department of Chemistry, Iowa State 
University of Science and Technology, Ames, Iowa. Relative 
reactivities of substituted toluenes towards chlorine atoms. 
Private communication to Dr. Glen A. Russell, Department of 
Chemistry, Iowa State University of Science and Technology, 
Ames, Iowa. I960. 
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tribute to the composition of the chlorinatlon product. How­
ever, it seems to be difficult, to separate this resonance-
inductive effect from a polar-inductive effect in the photo­
chlorination reaction. 
An example of a primary steric effect in hydrogen 
abstraction by free radicals was observed in the photochlori­
nation of 2,3,4,5,6-pentachloroethylbenzene (13). The result 
together with results of photobrominstion (14) were summarized 
by E. L. Eliel (15). Photochlorination of 2,3,4,5,6-pents-
chloroethylbenzene at 75°C. gave a ratio of ft-chloride to 
(X-chloride of 1.6 while at 180°C. the ratio was 4.6. Photo-
bromination of the pentachloroethylbenzene gave exclusively 
the Ol-bromide. In spite of the fact th^t bromine has an 
electron affinity fairly close to chlorine and bond-breaking 
of the transition state in hydrogen abstraction step by 
bromine atom would be considerable (10b), the inductive effect 
of the chlorine substituents end the resonance inhibition in 
incipient radicals by ortho substituents as postulated by H. 
Szwarc et al. (16) appear to be not large enough to prevent 
the OL attack. The discrepancy between the -chloride to 01 -
chloride ratio of 0.74 which was observed in hydrogen abstrac­
tion of ethylbenzene by free chlorine atoms at 40°C and the 
*H. D. iVicBride. Department of Chemistry, Iowa State Uni­
versity of Science and Technology, Ames, Iowa. Relative reac­
tivity of ethylbenzene toward chlorine atoms. Private commu­
nication to Dr. Glen A. Russell, Department of Chemistry, lows 
State University of Science and Technology, Ames, Iowa. 1960. 
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j8 to tt ratio of 1.6 observed at 75°C. for pentachlorobenzene 
cajl be largely ascribed to the screening of the a -hydrogen 
atoms by ortho chlorine substituents. At higher temperature 
where the product ratio depends to a greater extent on the 
frequency factor the proportion of p attack is enhanced (15). 
The above mentioned example is one of a few examples of the 
primary steric effect in free radical substitution reactions. 
Secondary steric effects in free radical substitution 
reactions are more frequent. The following sequence of rela­
tive reactivities of carbon-hydrogen bonds of cyclopentane, 
cyclohexane, eyeloheptane and cyclooctane toward free chlorine 
atoms were observed in photochlorination (10a): 2.8:2.7:3.0: 
4.3. In 12M carbon disulfide solution the reactivity ratios 
were 23:20:40:70. This order is in agreement with the pre­
diction by H. C. Brown et al. on the basis of I strain (17-13) 
and with the order of thermolysis of azo-bls-ni tri les (19). 
Low reactivity of cyclopropane was observed in photochlorina­
tion (20) as well as in the reaction with methyl radicals 
(21). No appreciable B strain effects were observed in the 
photochlorination of branched hydrocarbons (7) when attacked 
by free chlorine atoms, whereas steric acceleration seems to 
occur in the thermolysis of trans-azo-bls-nltrlles (22). This 
difference can be ascribed to the difference of the transition 
states, i.e., the amount of bond breaking. 
The effect of hyperconjugation in photochlorinations was 
7 
emphasized by J. k. Tedder et_ al. (6i, 5j, 6k). They compared 
the reactivity of primary hydrogens of cumene end tertlary-
butylbenzene (10e) and concluded the reactivity ratio of 1.4 
to be due to hyperconjugation. The lower reactivity of pri­
mary hydrogen of tertiary-butylbenzene than that of cumene 
.was recently confirmed in this laboratory (10a, 23). However, 
a little lower reactivity of primary hydrogen of ethylbenz^ie 
than that of cumene was observed in this laboratory.* The 
same trend was observed when tertiary-butyl hypochlorite was 
used as a chlorinating reagent by Walling et el. (25). There­
fore, it is doubtful if the low reactivity of tertiary-butyl-
benzene should be ascribed to laczc of hyperconjugation. Fur­
ther, hyperconjugation of the type 
CHP 
II 
C6H5 - C .CH3 
CH3 
could also contribute to stabilize the incipient radical. The 
absolute rate constant of primary hydrogen of propane, iso-
butane and neopentane in photochlorinetions at 40°C. calcu­
lated from the work of J. H. Knox _et al. (4c) are 3.4 x 10\ 
q q 
3.5 x 10 and 3.£ x 10 1/mole sec. respectively. In this 
H. D. McBride. Department of Chemistry, Iowa State Uni­
versity of Science and Technology, Ames, Iowa. Relative reac­
tivity of ethylbenzene toward chlorine atoms. Private commu­
nication to Dr. Glen A. Russell, Department of Chemistry, 
Iowa State University of Science and Technology, Ames, Iowa. 
1960. 
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case only small differences are observed and the trend is not 
consistent. Photochlorinatioris of haloeycloslkanes in this 
study are of interest from the point of view that most of the 
derived elkyl radicals have the ssme number of hyperconjuga-
tive resonance structures. 
The influence of a substituent in the attack of molecular 
chlorine upon hydrocarbon radicals has been studied only by 
P. 8. Fredericks and J. K. Tedder (6j) . In order to study 
this point the.present work concerning the chlorinatlon of 
halo eye loalkanes was undertaken. 
It has generally been assumed that polarity of solvents 
has little effect upon course end rate of free radicel reac­
tions (8, 25). The absence of solvent effects on the over-all 
rate of polymerization of styrene (26), and the copolymer 
structure in vinyl copolymer!ze.tion (27) was observed. The 
conclusion that the rate of decomposition of various ezo com­
pounds is independent of the solvent (28) was drawn by some 
workers, while Leff 1er et stl. (29) observed a small variation 
in rate with change in solvent with relatively large but com­
pensating changes in the entropy and enthalpy of activation. 
However, these latter effects have been questioned, and they 
appear to be more a consequence of experimental error than 
actual phenomena, since the entropy end enthalpy of activa­
tion calculated can not be Independently measured (30). 
Recently Dr. D. G. Hendry (23) in this laboratory studied 
g 
the effect of solvents In the autoxidation of cumene. He 
found a correlation between log(rate-Ri/2) + 2 and (D-l)/ 
(2D+1), where Rj_ 1s the rate- of initiation and D is the 
dielectric constant of the solvent. This correlation is 
based on the theory of Laidler and Eyring (31) who obtained 
the expression 
In k' = In ky - (UA2/aA3 - Ug2/aB'3 - U^/a^) 
(D - 1)/(2D + 1)1T + (<#A + 4>B - 4>M*)kT 
for effect of solvents on the rate of chemical reactions, 
where k1 is the rate -constant in solution, k^ is the rste 
constant in dilute gas phase. The second term in the right 
hand side of the equation represents the electrostatic effect 
and the third term represents the non-electrostatic effect. 
Since the rate of reaction of initiator radicals with oxygen 
molecules is 
Rate = -dtOgVdt = kpR11>/2[RH)/(2kt)1//2 + R^/2 
the quantity (rate - Rj/2) is proportional to kp if R^, (RH) 
and k^. are constant. In this expression kp is the rate con­
stant of attack on the hydrocarbon by peroxy radicals and k^ 
is the rate constant of the termination step. 
Dr. Hendry explained the discrepancy between his work 
and the previous works as follows: 
1. In both vinyl copolymerization (10g) and hydrocarbon 
oxidation, there would be contributions from the 
structure R * H ï X to the transition state. 
10 
In the former case, the nature of the transition 
state is such that the lines of force between the 
charged portions of the transition state do not 
radiate appreciably into the solvent (27). 
In the latter case, there are variations of solvent 
effect due to structure of hydrocarbons; the ratios 
of the rate in nitromethane to that in chlorobenzene 
are cumene 1.26, bicyclo-(2,2,l)-heptadiene 1-28, 
cyclohexene 1.31 and cycloheptatriene 2.03. 
In the former case, the atoms between which the 
electron transfer occurs would be well shielded from 
solvent by alkyl and aryl groups. The effect of the 
alkyl group shielding is reminiscent of the effect of 
alkyl substitution on the second ionization constant 
(Kg) of carboxylic acid (32)• For example in the 
case of malonic acid, K^/Kg is 734 while this ratio 
is 121,000 for diethylmalonic acid (33). Consistent 
with the above is the lack of solvent effect in the 
copolymerization of vinyl compounds and the small 
solvent effect observed in the oxidation of cumene 
and bicyclo-(2,2,l)-heptane (see 3 above). 
Other factors which contribute to prevent a solvent 
effect in the copolymerization are the greater 
degree of charge distribution by resonance and 
experimental uncertainties in the values of the 
11 
relative reactivity of monomers towards radical. 
These values are seldom accurate to within + 10$. 
The most striking solvent effect on a free radical reac­
tion was observed in competitive photochlorination of hydro­
carbons (2b, 10a, 20, 34) . For example, the relative reactiv­
ities of the tertiary and primary hydrogen atoms of 2,3-
dimethyIbutane toward the chlorine atom at 55°C. increase 
from 3-5:1 in an aliphatic solvent to 32:1 in 8M benzene (2b). 
It was proven that this increase in reactivity of chlorine 
atom is due to complexing with the aromatic ring of the sol­
vent since there is a quantitative relationship between the 
magnitude of the solvent effect and basicity of the solvent 
as determined by the equilibrium constant for the interaction 
* 
with hydrogen chloride (35). Certain non-aromatic solvents 
such as tertiary-butyl alcohol, dioxane, n-butyl ether, 
dimethylformamide, thionyl chloride, sulfur monochloride, 
carbon disulfide and various alkyl iodides also show a solvent 
effect in the photochlorination of 2,3-dimethylbutane. Some 
of the above might also undergo acid-base interactions with 
chlorine atoms at the most electron rich site similar to the 
pi-complex observed for aromatic solvents. Other solvents 
such as carbon disulfide, alkyl iodides could involve either 
charge-transfer complexes or complexes with expanded valence 
shells. Iodobenzene is a more efficient solvent than can be 
expected from its basicity and it is believed to be due to 
12 
formation of intermediate radical involving expansion of the 
valence shell of iodine (2b). 
A rule for inductive effects and resonance effects in 
complexlng solvents has been stated as follows: relative 
reactivities that are determined mainly by the availability 
of electrons in the carbon-hydrogen bond are not particularly 
sensitive to solvent effect while relative reactivities that 
are determined mainly by the stabilities of the incipient 
free radicals are very sensitive to changes in solvent (10a). 
Toward the chlorine atom the relative reactivities of the 
primary hydrogen atoms of tetramethylsilane and trimethyl-
chlorosilane, where the incipient radicals are expected to 
have the same amounts of resonance stabilization but the 
carbon-hydrogen bonds have widely different reactivities due 
to inductive effect, in the absence of a complexlng solvent, 
and in the presence of 4M tertlary-but.vlbenzene or 12M carbon 
disulfide were*6.5, 6.9 and 4.8 respectively. It appears 
that there was little effect of solvent. Similar situations 
were observed when the reactivities of the primary hydrogen 
of tertiary-butyl chloride and the primary hydrogen of 2,3-
dimethyIbutane, the primary hydrogen of acetonitrile and the 
primary hydrogen of 2,3-dlmethyIbutane, and the primary 
hydrogen of tertiary-butylbenzene and the primary hydrogen of 
2,3-dlmethyIbutane are compared (10a). The large solvent 
effect noted In the chlorinatlon of 2,3-dlmethyIbutane which 
13 
was previously mentioned is very likely due to the resonance 
stabilization of the incipient alkyl radicals. In the photo­
chlorination of 1-chlorobutane in the absence or presence of 
complexlng solvents (20a), the following relative reactivities 
of the carbon-hydrogen bonds were observed : 
CHg-CHg-CHg-CHg-Cl in aliphatic solvent at 0°C. 
1.0 3.1 1.35 0.30 
CH3-CH2-CH2-CH2-C1 in 11.1M benzene at 0°C. 
1.0 8.1 2.4 0.5 
The ratios of 2- to 1-attack changed from 4.5 to 4.8 and the 
ratios of 3- to 2-attack changed from 2.3 to 3.3 (an increase 
of 45 per cent) while the ratios of 3- to 4-attack increased 
from 3.1 to 8-1 (an increase of 160 per cent). The relative 
reactivity at the 3- and 4-positions is determined mainly by 
differences in bond dissociation energies while the relative 
reactivities at the 1-, 2- and 3-positions are determined 
mainly by the inductive effect of the chlorine substituent 
(10c). Here again the above mentioned rule is consistent 
with the results. An increase in the selectivity of the 
chlorine atom in the presence of complexlng solvents should 
be due to an increase in the importance of resonance structure 
III (see page 4) (10a) or due to loss of energy by complex 
formation (21). These two interpretations lead to the same 
conclusion when viewed in terms of the Hammond postulate (11). 
The tertlary-butox.v radical appears to be complexed by 
14 
aromatic solvents in the same manner. However, the effects 
bo far reported have not been very large (24, 37). 
Recently C. Walling and A. Padwa reported a striking 
change of course in the reaction of the alkoxy radical derived 
from the hypochlorite of benzyldimethylcarbinol and hydro­
carbons In the absence and presence of certain olefins (38). 
The formation of a pi-complex from a radical and an 
aromatic nucleus and the relation between e pi- and a slgma-
complex has been discussed (2b, 39). It appears that high 
electron affinity and a sufficiently high potential energy 
barrier between pi- and si^ma-complex are the most important 
conditions required to form a stable pi-complex. 
Other free radical reactions have been reviewed in con­
nection with changes In either the course or the rate of the 
reactions (2b). However, few definite conclusions could be 
drawn because of the incompleteness of the data. 
15 
GENERAL INTRODUCTION 
Part I of this thesis presents a study of the chlorina­
tlon, principally by chlorine and light, of chlo.ro and bromo-
cyclopentane and chlorocyclohexane• This work was undertaken 
to further establish the polar effect of a halogen substituent 
upon directing the position of attack of a chlorine ?tom in 
the substitution reaction. 
CI CI 
h y 
+ ci2 S — Cl ( 7-isomers) 
This model system was chosen because in the 3- ar.cl 4-positions 
the resulting alkyl radicals have the same number of hyper-
conjugated structures. Since attack at the 2-, 3- or 4-
position eventually leads to s mixture of cis and trans 
isomers this model system provided an opportunity to observe 
the stereochemistry of the reaction of molecular chlorine 
arid other chlorinating agents with the chlorocyclohexyl 
radical. Chloro and bromo cy dopent an e were studied since 
in these molecules the conformational problems present in 
cyclohexane derivatives are absent. It was hoped that a 
comparison of the results in the cyclopentane and cyclohexane 
series would add significantly to our understanding of the 
importance of conformational problems both in the attack of 
a radical on- a carbon-hydrogen bond and in the reaction of an 
alkyl radical with a halogen molecule. 
16 
Part II concerns Itself with a study of directive effects 
in the chlorinatlon of aralkyl hydrocarbons. Here, because 
of the ability of aromatic rings to complex chlorine atoms 
(2b, 10a, 20, 34), the selectivity of the free chlorine atom 
in hydrogen atom abstraction reactions can be approached only 
indirectly. Since only intermolecular reactions of complexed 
chlorine atoms have been reported in the literature, I thought 
it of considerable interest to investigate the photochlorina­
tion of butylbenzene in a variety of solvents. Here intra­
molecular reactions of the complexed chlorine atom and the 
alkyl side-chain can be reasonably formulated to give 
? 
preferred attack at the p , f or to -positions. No evidence 
was found for such an intramolecular process. 
17 
PART I. CHLORINATION OF HALOCYCLOALKANES 
Introduction 
Chlorocyclopentane, bromocyclopentane and chlorocyclo-
hexane were employed as halocycloalkanes in this study. 
Chlorocyclopentane was subjected to the most extensive inves­
tigation . This compound was photochlorinated in various sol­
vents and was chlorinated with several chlorinating reagents 
in carbon tetrachloride solution. The otfier two compounds . 
were photochlorinated in carbon tetrachloride. To obtain 
relative reactivities of those three compounds to their 
parent cycloelkanes, the compounds were photochlorinated 
competitively in the presence of a reference cycloalkane. 
If two hydrocarbons R^H and RgH are photochlorinated competi­
tively with rate constant k^ and kg respectively, 
R-jH + Cl Rx- + HC1 
k£ 
RgH + CI- Rg* + HC1 
= k2(RgH] (CI') 
The rate of consumption of hydrocarbons is expressed by the 
above differential equations. By dividing the first expres­
sion by the second, one obtains the following expression. 
18 
d (RXH) 
{B-IH) k-jdt 
d[RgH] k2dt 
~ "PJhT 
Upon integration, the ratio of the two rste constants is 
obtained by the equation 
tRlH]0 log 
(RiH)r *1 
- S f t  " =  
where ( ]0 represents the initial concentration and ( ")-f 
represents the final concentration. 
It had been previously proven that the products of a 
photochlorination reaction are a true measure of the initial 
site of attack by the chlorine atom (2). If geometric isomers 
are formed upon photochlorination, the ratio of the isomers 
would be controlled by the step 
R. + Cl2 RC1 + Cl­
in this study the dihalocycloalkanes found in the chlori­
natlon product were analyzed by gas liquid chromatography. 
The chlorinatlon mixture was chromatographed alone, and then 
with an authentic dihalogenocycloalkane. The enlarged peak 
in the chromatogram was thus identified. In the case of 
chlorinatlon of chlorocyclopentane and of bromocyclopentane, 
five isomeric dihalocyclopentanes are possible. In the case 
of chlorinatlon of chlorocyclohexane, seven isomeric dichloro-
19 
cyclohexanes are possible. Authentic samples of all the 
dichloropentanes and hexanes were prepared. 
The analysis depends on the assumption that the thermal 
conductivity of isomeric dihalogenocycloalkanes 2re identical. 
This assumption was checked with 1,1-dichlorocyclopentane and 
trans-1,2-dlchlorocyclopentane which were available in a high 
state of purity. The correction factor, the ratio (mole of 
trans-1,2-dichlorocyclopentane/mole of 1,1-dichlorocyclo­
pentane) to (area of trans-1,2-dlchlorocyclopentane/area of 
1,1-dichlorocyclopentane), was 1.029. It appears that this 
figure is unity within experimental error. Thus, the rela­
tive reactivity of carbon-hydrogen bonds in each position of 
the halocycloalkane were obtained. The combination of this 
figure and the reactivity of the whole mplecule relative to a 
reference cycloalkane, leads to reactivity of a carbon-
hydrogen bond at the certain position of a halocycloalkane 
relative to a carbon-hydrogen bond of the reference cyclo­
alkane : 
Relative reactivity per hydrogen = relative reactivity 
as the whole molecule x relative reactivity in the 
/ \ np 
molecule (expressed as per cent) x — 
nl 
where n^ is the number of hydrogen at the certain position 
of a halocycloalkane and ng is the number of hydrogen of the 
reference cycloalkane. 
20 
Some 1,2-halogen migrations are reported in the litera­
ture (9, 40). However, even if such a migration occurs, there 
would be no complication in the measurement of the relative 
reactivities, since for the halocycloalkanes a radical formed 
after 1,2-halogen migration is identical with the unrearranged 
radical. Further discussion of this point will be given 
later. 
Synthesis and Identification of 
Unreported Dihalocycloalkanes 
Among the dihalocycloalkanes which have been investigated 
extensively in the past are the dihalocyclohexanes. Of the 
seven isomeric dichlorocyclohexanes, all except 1,3-dichloro-
cyclohexanes are reported in the literature. The reaction of 
1,3-cyclohexanediols and concentrated hydrochloric acid has 
been reported to give 1,4-dichlorocyclohexanes as the main 
products (41). A few unsuccessful attempts were made to pre­
pare the 1,3-dichlorides from the 1,3-diols, the details of 
which are given in the experimental part. 
R. Cornubert et al. (42) and I»i. S. Kharasch et al. (43) 
independently obtained trans-1.5-dlbromocyclohexane by addi­
tion of hydrogen bromide to.3-bromocyclohexene. In the latter 
work the same compound was obtained under both "peroxidic" 
and "antioxidant11 conditions. The assignment of trans con­
figuration, however, does not seem to be certain because there 
has been considerable confusion on the products of reaction 
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of 1,3-cyclohexanediols and 1,4-cyclohexanediols with hydrogen 
bromide. A good review on this subject is provided in refer­
ence (42) . 
The reaction of 3-chlorocyclohexene and hydrogen chloride 
was thus attempted. Anhydrous ferric chloride or gellium 
(III) chloride was added ?s the cetslyst. When the reaction 
product of 3-chlorocyclohexene end hydrogen chloride we s 
chromatographed, the two major peaks in the chromatogram 
CI 
t-BuOCl HP1 — - Dichlorocyclohexanes 
FeClg or G-eClg 
did not correspond to any of the reported dichlorocyclohexanes 
but had retention times identical with the third peak end the 
fifth peek in the chromatogram of the photochlorination 
product of chlorocyclohexane• Three other peeks were observed 
in the chromatogram due to trans-1,2-dlchIorocyclohexene. 
cls-1,4-dlchlorocyclohexane end trens-1,4-dichlorocyclo­
hexane . The latter two compounds mey result from the presence 
of 4-chlorocyclohexene as e by-product in the reaction of 
cyclohexene and tertlery-butyl hypochlorite. 
The compound which corresponds to the third peek in the 
chrometogram of the photochlorination product will be celled 
"compound A" and the compound wh&ch corresponds to the fifth 
\ 
peak will be called "compound B" temporarily• The isolation 
of these compounds by preparative ges-liquid chromatography 
is described in the experimental section. The n.m.r. spectra 
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of those two compounds are shown in Fig. 1. The trans-1,3-
configuration has been assigned to compound A and the cis-
1,3-configuration has been assigned to compound B based on 
the following argument. 
1. In the trans compound, the chlorine substituents 
should be in (le,3a) or (la,3e) • Since both conformations 
must be equivalent, there would be an equilibrium: 
2 CI 
If the rate of the interchange is rapid enough compared with 
the frequency of the spectrometer, the chemical shift of the 
methylene protons attached to the 2 and 5 carbon atoms should 
be equal and spin-spin coupling between these protons would 
not occur. The protons attached to carbon atoms 4 and 6 are 
nearly equal and spin-spin coupling would not be expected to 
be important. 
In the els compound, the possible position of chlorine 
substituents would be (le,3e) and (la,3a). The (le,3e) con­
formation may be energetically much more favorable than the 
(la,3a) conformation because of 1,3 interaction between the 
chlorine substituents in the latter conformation. In general 
diequatorial conformation is thought to be more stable than 
diaxial conformation (44). However, it is reported that the 
diaxial conformation of trans-1,4-dichlorocyclohexane is more 
stable than the diequatorial in carbon tetrachloride solution 
Fig. la- Proton magnetic resonance spectrum of compound A 
( trans-1,5-dlchloroc.vclohexane) et 60 he ./sec . 
in carbon tetrachloride 
Fig. lb. Proton magnetic resonance spectrum of compound B 
(çls-1,3-dichlorocyclohexane) at 60 he./sec. in 
carbon tetrachloride 
23b 
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(45). 
Thus, if two methylene protons on the same carbon atom 
experience different magnetic environment owing to the frozen 
diequatorial conformation or the existence of equilibrium 
where one conformation is favored over the other, those two 
protons can couple and the spectrum of cls-1,•5-dlchlorocyclo-
hexane should be more complicated than that of trans-1.5-
dichlorocyclohexane. 
2. In the trans compound the two methylene protons in 
the 2-position would form an AgXg system with the two methine 
protons on the 1 and 3 carbon atoms. Therefore, the triplet 
observed at "7 = 7.81 in the spectrum of compound A is consis­
tent with the trans isomer. 
3. The broad singlet at T* = 8.15 in the spectrum of 
compound A should be due to the other six methylene protons. 
The tau value of cyclohexane protons is 8.56 (46). 
4. The peak at T s 5.68 in the spectrum of compound A 
should be due to the two methine protons. The tau value of 
a methine proton of chlorocyclohexane is 6.11 (46). The peak 
content at ^ = 5.68 appears to be approximately a triplet 
of triplets with the coupling constant 5.3 c/s. 
5. The peak at T" = 6.30 in the spectrum of compound B 
appears to be due to the two methine protons of cls-1,3-
dichlorocyclohexane, since it is at higher field by 0.62 
p.p.m. than that of trans compound and axial protons are known 
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to be more shielded than equatorial protons (46). Theoretic­
ally 0.40 p.p.m. for the difference in tau values of the axial 
and equatorial protons can be expected (46). If the methine 
protons of trans compound experience the average field of 
equatorial and axial and the methine protons of els compound 
are in axial positions, the difference of 0.20 p.p.m. could 
be expected. Although the magnitude of the difference does 
not agree, the difference is in the right direction. 
6. The pea&s around T = 7.3 in the spectrum of compound 
B would be due to the two methylene protons between the 
methine groups. The half in the higher field is overlapped by 
peaks of other methylene protons. Those two protons are 
roughly an AB system and if this is the esse, the coupling 
constant is 12.5 c/s. A similar situation can be found in 
the spectrum of j3 -D-xylopyranose tetraacetate (47). 
7. Area ratios of peeks in the spectra nre consistent 
with the above descriptions. 
It is interesting to compare the n.m.r. spectra of 1,3-
dlchlorocyclohexanes with other reported dichlorocyclohexsnes. 
The spectra of cls-1.4-dlchlorocyclohexane and trans-1,4-
dichlorocyclohexane are shown in Fig. 2 end Fig. 3, respec­
tively . For the els compound equilibrium (le,4a) 7—" (la,4e) 
can be expected and both conformations are equivalent. There­
fore, an approximate doublet due to the methylene protons are 
observed. For the trans compound the equilibrium 
I 
Fig. 2• Proton magnetic resonance spectrum of cis-1,4-dlchloro-
cyclohexane at 60 l*ic./sec. in carbon tetrachloride 
i 
8 
o* 
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t 
Fig. 3. Proton magnetic resonance spectrum of trans-1,4-
dichloroeyelohexs.ne at 60 he ./sec. in carbon 
tetrachloride 
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(le,4e) ^ =2 (la,4s) in solutions was reported by K. Zozlma and 
T. Yoshino on the basis of Its Reman spectra (45) as mentioned 
before, and mole fraction of the diequatorial conformation 
calculated from energy difference given is 0.E5 in carbon 
tetrachloride solution, presumably at room temperature- No 
explanation was given why the diexial conformation is more 
stable in solution. It was reported that in vapor phase the 
two conformations are present in equal amount or. the basis of 
electron diffraction, presumably at room temperature (48). 
Only the (le,4e) conformation was reported to exist in solid 
state based on x-ray (42) end Raman spectra (45). Since 
the (la,4a) conformation is predominant, two methylene protons 
on the same carbon atom are not equivalent and the n.m.r. 
absorption is complicated. The methine peek of cis compound 
occurs at slightly higher field then that of trans compound, 
a fact which supports the predominance of the diaxiel con­
formation in carbon tetrachloride solution. 
The n.m.r. spectre of cis-1,2-dlchlorocyclohexene and 
trans-1.2-dlchlorocyclohexane are shown in Fig. 4 and Fig. 5, 
respectively. For the trans compound equilibrium 
(le,2e) ~ ~ (la,2a) in solutions was reported by K. Kozima 
et al. on the basis of dipole moment and Raman spectre (50), 
and by E. Havings, et al. on the basis of dipole moment (51). 
In the solid state only the (le,2e) conformation was reported 
to exist on the basis of Raman spectre (50). The mole 
Fig. 4. Proton magnetic resonance spectrum of cis-1,2-
dichlorocyclohexane at 60 he./sec. in carbon 
tetrachloride 
I 
"J, 
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t, p.p.m. 
Fig. 5. Proton magnetic resonance spectrum of trens-1,4-
dichloroeyelohexane at 60 Mc./sec. in carbon 
tetrachloride 
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fraction of diequatorial conformation of trans-1,2-dichloro-
cyclohexane in carbon tetrachloride was 0.50 (50) and 0.53 
(51) presumably at room temperature. The spectrum of cls-
1,2-dichlorocyclohexane is complicated as well as the spectrum 
of the trans compound. This could be explained by the fact 
that the absorption by proton Hx becomes complex when the 
X 
l 
- g - g - g -
i i i 
HA HB Hx 
difference of the chemical shift between protons snd Hg is 
smaller than the coupling constant between % and Hg even if 
the coupling constant between H^ and H% is zero (52) or nearly 
zero (53). A slightly higher chemical shift of the methine 
proton of trans compound would support the above mentioned 
equilibrium (le,2e) ~—: (la,2a) with a preference for the 
(le,2e)•conformation. 
The ratios of dichlorocyclohexanes formed from the addi­
tion of hydrogen to 3-chlorocyclohexene are 5% trans-1,2-
dichlorocyclohexane, 46# cls-1,3-dichlorocyclohexane , 32/2 
trans-1.3-dlchlorocyclohexane. 5% cls-1,4-dlchlorocyclohexane, 
and 11% trans-1,4-dichlorocyclohexane based on analysis by 
gas liquid chromatography. The predominance of the cls-1.3-
dichloride over trans-1,3-dichloride is reasonable because 
the system would be in equilibrium in the presence of the 
catalyst. 
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The order of elution of dichlorohexanes with a 2.2 m. 
polypheny1 ether column (20%) in series with a 1.5 m. 
diisodecyl phthalate column (10^) is 1,1-dichlorocyclohexane, 
<trans-1,2-dlchlorocyclohexane,trans-1,3-dichlorocyclo-
hexane, < trens-1,4-dichlorocyclohexane,< cls-1,3-dlchloro-
cyclohexane, <T cls-1.4-dichlorocyclohexane . cl^s-l,2-dl­
chlorocyclohexane • 
Of the dichlorocyclopentanes, cls-1,2-dlchlorocyclo-
pentane and the two geometric isomers of 1,3-dichlorocyclo-
pentane have not been reported in the literature. Since the ' 
reactions of alcohols with thionyl chloride in the presence 
of pyridine is known to be accompanied with inversion of con­
figuration (54), the dichloride formed from trens-^-chloro-
cyclopentanol and thionyl chloride in the presence of pyridine 
is undoubtedly cls-1,2-dlchlorocyclopentane. A similar pro­
cedure was used to synthesize cls-1,2-dlchloroeyelohexane from 
trans-2-chlorocyclohexanol (55). 
The compounds which correspond to the third end fourth 
peaks of the dichlorides were separated from the photochlori-
nation product of chlorocyclopentane by vacuum distillation 
with a Todd column. The n.m.r-. spectrum of the former is 
shown in Fig. 6 and that of the letter is shown in Fig. 7. 
Fig. 6. Proton magnetic resonance spectrum of.trens-1.3-
dichlorocyclopentane at 60 Kc./sec. in carbon 
tetrachloride 
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Fig.-7. Proton magnetic resonance spectrum of cis-1.3-
dichlorocylopentane at 60 kc./sec- in cprbon 
tetrachloride 
34b 
cd 
CO 
£ 
ci 
q. 
V 
n 
cD 
35 
The former compound (Fig. 6) was assigned the trans-1,5 con­
figuration and the letter compound (Fig. 7) was assigned the 
cls-1,3 configuration based on the following argument. 
1. The third end fourth peaks of the chromatogram of 
the chlorination product do not correspond to the known 1,1-
dichlorocyclopentane, trans-1,2-dlchlorocyclopentane or cls-
1,2-dlchlorocyclopentane which correspond to the first, the 
second, and to the fifth peak, respectively. Bichloride 
pea its can be easily distinguished from higher chlorinated 
product since these polychloride peaks became larger when 
compared with dichloride peaks when a larger ratio of chlorine 
to chlorocyclopentane was used. 
2. Those two compounds which correspond to the third 
and fourth peaks were synthesized in the following way from 
cyclopentadiene. 
OH 01 CI 
ô :fg ô  ^ô — û 
* ^  ci 
Discussion of the above synthesis will be presented later. 
3. Methylene protons between the two chlorine substi­
tuents in trans-1,3-dichlorocyclopentane are magnetically 
equally shielded since both protons are els to one chlorine 
substituent and trans to the other. Therefore, a triplet was 
observed at T = 2.57 in Fig. 6. 
Methylene protons between the two chlorine substituents 
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In cls-1.3-dlchlorocyclopentane are not equivalent. There­
fore a complex pattern can be expected. Because of the large 
coupling constant between these two methylene protons, 
absorption can be expected to be broad. 
4. In the cis compound and Hg will be weakly coupled 
and in the trans compound and Hg will be strongly coupled. 
Therefore, more separation between absorptions due to the 
high-field methylene protons (on atoms 4 and 5) are expected 
In the spectrum of the trans compound than in that of the cis 
compound. 
5. Reaction of the ditosylate of cls-1.3-cyclopentane-
diol with lithium chloride in absolute ethanol gave mainly 
elimination products as shown by high acidity of the reaction 
mixture. However, the liquid separated from the reaction 
mixture, as described in the experimental pert, contained as 
the predominant dichloride the compound which corresponds to 
the fourth peak in the chromatogram of the dichlorides formed 
by photochlorination of chlorocyclopentane. The ditosylate 
used is surely the cis compound because K. A. Saegebarth (56) 
synthesized a ]D-nitrobenylldeneacetal from the parent 1,3-
cyclopentanediol, although there has been some confusion about 
the configurations of the 1, 3-cyclopentanediols (57). 
6. The higher boiling point and refractive index of the 
cis compound than the trans compound agree with the von Auwers-
Skita rule (58). 
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Returning to the reactions described in page 8, the first 
step was originally described by S. Winstein et al. (59) and 
modified so that no separate diborane generator was used and 
no tedious chromatographic separation needed. The yield 
based on the sodium borohydride used was lower then the 
original method, the yield based on the cyclopentadiene used 
was about the same (13#). 
To synthesize 4-chlorocyclopentene, the reaction of 
3-cyclopenten-l-ol with concentrated hydrochloric acid was 
attempted. As soon as hydrochloric acid was added to 3-cyclo­
penten-l-ol a purple color was developed. The color gradually 
turned brown and 24 hours later the solution became completely 
dark brown. A purple color also develops when anhydrous 
aluminum chloride is added to 4-chlorocyclopentene. When 
concentrated sulfuric acid was added to 3-cyclopenten-l-ol, 
the mixture turned black immediately. The ultraviolet spec­
trum of the mixture of 3-cyclopenten-l-ol and concentrated 
hydrochloric acid in methanol has a large shoulder due to 
3-cyclopenten-l-ol and small absorption maxima at 255 and 
305 mjjL supposedly due to reaction products. A possible 
interpretation of those phenomena is that carbonium ion I 
was formed but the equilibrium is unfavorable. The cyclo-
OH 
 ^c1" + h2° 
. I 
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hexenyl carbon!um ion reported by G. A. 01 ah end ¥. S. 
Tolgyesi (60) has ultraviolet maxima at 307 m yU ( £ 234) , 
242 ( t 1350) and 250 (shoulder i 1248). N. C. Deno et al. 
reported that allylic cations have a strong ultraviolet 
absorption in the range between 310 and 335 m ju ( 61a) end 
that tricyclopropylmethyl cation has an ultraviolet absorp­
tion at 270 m/w ( € 22,000) (61b) . 
Reaction of 3-cyclopenten-l-ol with thionyl chloride 
in the presence of pyridine merely yielded resinous material 
and reaction of the alcohol with phosphorous pentachloride 
was successful. Similar observations were reported by W. S. 
Raps on and R. Robinson for 1-methyl- A^-cyclopentenyl-1-
carbinol (62). The n.m.r. spectrum of the product obtained 
by the reaction of 3-cyclopenten-l-ol with phosphorous penta-
chloride is shown in Fig. 8 and the spectrum is consistent 
with the structure 4-chlorocyclopentene. The complex absorp­
tion around f = 7 may be due to four methylene pro tons. 
Absorption at t = 5.54 seems to be a triplet of triplets and 
due to the methine proton. The singlet at T = 4.30 may be 
due to two olefinic protons. Since the two protons should 
be equivalent, no coupling occurs between them. However, it 
is interesting that no splitting by the adjacent methylene 
protons was observed. 
The addition of hydrogen chloride to 4-chlorocyclopentene 
gave a 50:50 mixture of 1,3-dichlorocyclopentanes while 
Fig. 8. Proton magnetic resonance spectrum of 4-chlorocyclo-
pentane at 60 kc./sec. in carbon tetrachloride 
# 

40a 
reaction of hydrogen "bromide with the chloride gave 41$ 
çis-l-bromo-3-chlorocyclopentane and 59$ trpns-l-bromo—5-
chlorocyclopentsne under the s pine conditions. Although the 
latter reaction can not be said to proceed through only an 
ionic mechanism, the reaction occurred in a tube from which 
air was evacuated and which was allowed to stand in a d?rk 
place at 0°C. 
The bromochlorocyclopentanes have not been reported in 
the literature. 1,1-Bromochlorocyclopentane, cls-l-broao—5-
chlorocyclopentane and trpns-l-bromo—5-chlorocyclopent?ne 
were synthesized in a manner similar to that employed for the 
cyclohexane analogs (62). Pure 1-bromo-l-chlorocyclopentane 
could not be isolated because of its instability during dis­
tillation. However, it seems to be stable in gas-liquid 
chromatography, since in the chrocatogram of mixture of 1-
bromo-l-chlorocyclopentane and trans-l-bromo-2-chlorocyclo-
pentane only two peaks were observed, neither of which corre­
sponds to 1-chlorocyclopentene, the decomposition product 
formed during distillation. 
Radical addition of hydrogen bromide to a double bond is 
known to proceed by trans addition (63, 64). Therefore, the 
product of the reaction of 1-chlorocyclopentene and hydrogen 
bromide in the presence of ultraviolet illumination should 
give cls-l-bromo-2-chlorocyclopentane. 
It appears that N-bromosuccinimlde and hydrogen chloride 
40b 
react to give bromine-chloride in a manner similar to N-bromo-
acetamide and hydrogen chloride (65). Another example of the 
similar behavior of N-bromosuccinimide and N-bromoacetamide 
is the observation that both compounds in water react with 
olefins to give bromohydrins (66). Therefore, reaction of 
cyclopentene with N-bromosuccinimide and hydrogen chloride 
presumably gave trans-l-bromo-2-chlorocyclopentane. 
Assignment of configurations of the 1-bromo—3-chloro-
cyclopentanes was made by the same manner ss for the 1,3-
dichlorocyclopentanes, except for argument no. 5, on the 
basis that in n.m.r. spectroscopy chlorine and bromine sub­
stituent shield protons very similarly (46). The n.m.r. 
spectra of the bromochlorocyclopentanes ere shown in Fig. 
9-12, which show a similarity to the corresponding dichlorides. 
The ratios of retention times of the corresponding 
dichlorocyclopentanes and bromochlorocyclopentanes were the 
same, when a di-2-ethylhexylsebacate column is used for gss-
11quid chromatography. The ratios of retention time, 
1-bromo-l-chlorocyclopentane _ trans-l-bromo-2-chloro-
1,1-dichlorocyclopentane trans-1,2-dichlorocyclo-
çxclopentane = eto. = 1#55 
pentane 
The order of elution is 1,1-dihslocyclopentsne < trans-1,2-
dihalocyclopentane < trans-l,3-dihalocyclopentane <Tcis-1,2-
dlhalocyclopentane• 
Fig. 9. Proton magnetic resonance spectrum of cls-l-bromo-3-
chlorocyclopentane at 60 Mc./sec. in carbon 
tetrachloride 
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Fig. 10• Proton magnetic resonance spectrum of trsns-1-
bromo-3-chlorocyclopentene st 60 kc./sec. in 
carbon tetrachloride 
42b 
Fig. lia. Proton magnetic resonance spectrum of cls-1,2-
dichlorocyclopentane at 60 Mc./sec. in carbon 
tetrachloride 
Fig. lib. Proton magnetic resonance spectrum of cis-1-
bromo-2-chlorocyclopentane at 60 Mc./sec. in 
carbon tetrachloride 
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Fig. 12a. Proton magnetic resonance spectrum of trans-1,2-
dichlorocyclopentane at 60 kc./sec. in carbon 
tetrachloride 
Fig. 12b. Proton magnetic resonance spectrum of trsns-1-
bromo-2-chlorocyclopentane st 60 he./sec- in 
carbon tetrachloride 
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Results and Discussion 
Photochlorlnatlon of halocycloalk.anes 
Solutions of chlorocyclopentane in carbon tetrachloride 
were photochlorinated to different extents to ascertain the 
dependence of the distribution of dichlorocyclopentanes on 
the ratio of reactants. The results, based on analysis by 
g.l.c., are listed in Table 1. Variations pre so small that 
they are probably within experimental uncertainty. It seems 
likely that the relative reactivities of the dichlorocyclo­
pentanes toward chlorination are similar and that polychlori-
nation does not preferentially destroy oi.e of the first 
formed dichlorides. 
To find out if there is any solvent effect, 1 molar solu­
tions of chlorocyclopentane in acetonitrile, nitrobenzene, 
benzene, and carbon disulfide solutions were photochlorineted. 
The results are listed in Table 2. 
Acetonitrile and nitrobenzene were chosen as solvents 
which have high dielectric constants. Dielectric constants 
of those solvents measured at low frequency are -36.7 and 14.8 
at 25°G. (67). Dielectric constants of the other solvents 
used pre between 2 and -3. Benzene and carbon disulfide were 
chosen because of their known ability to complex with chlorine 
atoms (2b). Nitrobenzene has little complexlng ability with 
chlorine atoms because of its low basicity (2b, 23). 
Table 1. Photochlorlnatlon of 1M chlorocyclopentsne in carbon tetrachloride 
solution at 40°C. 
Dlchlorocyclopentanea8 
% chlorination 1,1 cls-1.2 trans-1.2 cis-1,3 trans-1.3 
15 4.5 b 31.5 25.6 38.4 
27 4.7 0. 5 31.3 25.6 37.9 
47 4. 5 0.5 30.9 25.8 38-2 
50 4.4 0.5 30.6 26.0 38.4 
^Percent of dichlorides . 
^No peak was detected, probably due to low concentration of the compound. 
Table 2. Photochlorlnatlon of 1M chlorocyclopentane in various solvents at 40°C. 
Products of Products of 
Product Of 2-•attack (%) 3-attack ( % )  
Solvent 1-at tack ($) cls trans Total cis trans Total 
& 
Carbon tetrachloride 4.6 0.5 31.2 31.7 25.6 38.1 63.7 
Acetonitrile^ 3.1 1.3 28.1 29.4 30.8 36.7 67.5 
Nitrobenzene 4 .4 1.2 26.9 28.1 30.7 36.7 67.4 
Benzene*3 5.8 0.8 27.4 28.2 27.3 38. 7 66.0 
Carbon disulfide0 9.4 1.0 28.6 29.6 25.2 35.7 60.9 
aAverage of the first three lines of Table 1 assuming 0.5$ cls-1,2-dichloro­
cyclopentane was formed in 15 mole per cent chlorlnation. 
^Average of two experiments. 
°1.15 K C5H9C1. 
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More attack, on the 1-position by complexe# chlorine atoms 
was observed (Table 2, benzene and carbon disulfide solvents) 
possibly due to resonsnce stabilization of incipient radicals. 
..0 .© 
— C—CI: — —C—Cl! 
I I 
The selectivity of completed chlorine atoms is known to be 
more sensitive to such resonance effects than the free chlor­
ine atoms (2-3). Only small variations were observed in the 
ratio of 2-attack to 3-attack (see Table -3). Thus, es men­
tioned in the Introduction, the rule, 
Relative reactivities that Pre determined mainly 
by the availability of electrons in the carbon-
hydrogen bond sre not particularly sensitive to 
solvent effects while reactivities that are deter­
mined mainly by the stabilities of the incipient 
free radicals are very sensitive to chanpes in 
solvent. ( 10a) 
applies to the photochlorlnatlon of chlorocyclopentane. The 
increase of reactivity at the 1-position was two-fold in going 
from carbon tetrachloride to 14M carbon disulfide. However, 
the increase of reactivity of a secondary carbon-hydrogen 
bond "relative to a primary carbon-hydrogen bond of butane is 
four-fold at 34°C. (21), when the solvent is changed from an 
aliphatic solvent to 11.1M carbon disulfide. Stability of 
an RgÔCl radical is comparable to a tertiary-alky1 radical 
since the bond dissociation energy of chloroform is 90 kcal•/ 
mole and that of the tertiary carbon-hydrogen bond of iso-
butane is 89 kcal./mole (68). According to the series given 
by A. N. Nesmeyanov et al. (9), an RgCCl radical is more 
Table 3. Solvent effects In photochlorlnatlon of chlorocyclopentane^ 
els/trans 
Solvent 1-Attack/3-Attack 2-A11ack/3-Attack At 3-position 
Carbon tetrachloride (8.7k) 0.072 0.50 0.67 
Acetonitrile (17k) 0.046 0.44 0.84 
Nitrobenzene ( 8.6k) 0.065 0.42 0.84 
Benzene (10k) 0.088 0.43 0.71 
Carbon disulfide (14k) 0.15 0.49 0.71 
^Calculated from Table 2. 
Table 4. Photochlorlnatlon of lk 
solution at 40 C. 
chlorocyclohexane in carbon te trachloride 
Products of 
2-attack ( %) 
Products of 
3—attack ( ,*) 
Products of 
4-attack (%) 
Product of £LLB cis 
1-attack (/o) els trans Total cis trans Total trans cis trans Total trans 
3.7 1.3 22.0 23.3 20.2 24.9 45.1 0.81 12.7 15.2 27.9 0.84 
50 
stable than a tertiary-alky 1 radical. Strain in the ring 
system (I strain) could explain, at least partially, the above 
discrepancy (17-18). 
trans-Substitution is more favorable than cls-substltu-
tion both at 2- and. 3-position presumably because of a steric 
or electronic effect of the chlorine substituent. 
Variation of the cis/trans ratio at the 3-position is 
small as the solvent is changed. However, in solvents of high 
dielectric constant the cis/trans ratios are larger. It is 
hard to say definitely that a solvent effect due to a differ­
ence of dielectric constant exists. This solvent effect, if 
any, can be explained by an argument advanced by Dr. D. G. 
Hendry (23). The electric charge on structure II may interact 
R- Cl-Cl — R+ Cl-Cl7 — RC1 + CI-
I II III 
with the dipole caused by the chlorine substituent and make 
trans substitution more favorable in solvents of low dielectric 
constant. Because of the small amounts of ci_s-l,2-dichloro­
cyclopentane formed it is probably not fair to discuss the 
cls-trans ratio for attack at the 2-positlon. However, again 
the highest ratios (more cis) were found in the solvents of 
highest dielectric constant. 
The results of the photochlorlnatlon of chlorocyclohexane 
are listed in Table 4. Again, trans compounds are more 
favored than the corresponding cis compounds, even though 
cls-1,3-dlchlorocyclohexane is thought to be more stable 
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than trans-1,•5-dlchlorocyclohexane. The n.m.r. spectra of 
chlorocyclohexane In carbon disulfide has shown that 77% of 
the chlorine substituent^ are in the equatorial position st 
-104° to 25°G. (69). In the intermediate radicals formed from 
chlorocyclohexane by attack of chlorine atoms, there is no 
reason to suspect that equatorial conformations are more pre­
ferred than in chlorocyclohexane itself. Therefore, axial 
conformations (i.e. chlorine in the axial position) of the 
intermediate radical should be taken into account. If planar 
p 
sp geometry of the radical site is assumed, the predominance 
of trans-1,2-dlchlorocyclohexane over cls-1,2-dlchlorocyclo-
hexane can be explained by steric or electronic interactions 
between a chlorine substituent and a chlorine molecule. If 
3 tetrahedral sp geometry of the radial site is assumed, equal 
ease of approach by a chlorine molecule from either side of 
an equatorial substituent could be anticipated. The cis to 
trans ratio of the 1,2-dlchlorocyclohexanes seems larger than 
that of the 1,2-dichlorocyclopentanes. However, the low con­
centrations of the cis compounds In the photochlorlnatlon 
mixtures and the incomplete resolution of cis-l,2-dichloro­
cyclohexane peak from cls-1,4-dlchlorocyclohexa.ne peak in the 
chromatogram must be taken into account. The similar magni­
tude of the çis-trans ratio for 2-attack, as well as -3-at tack, 
in chlorocyclopentane and chlorocyclohexane suggests that the 
cls-trans ratios observed In the cyclohexane series are not 
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determined mainly by conformational effects. 
It seems likely that the stereochemistry of the reaction 
of the 2-chlorocyclohexyl and £-chlorocyclopentyl radicals 
with molecular chlorine are closely related to the trans 
addition of hydrogen bromide to cyclohexene derivatives (63, 
64b). A bromine-bridged intermediate radical, a concerted 
mechanism and a mechanism involving the attack by a bromine 
atom from only the axial direction followed by a rapid hydrogen 
abstraction from hydrogen bromide via the least hindered route 
have been proposed. 
If the chlorine substituent of the 3-chlorocyclohexyl 
radical is in equatorial position, a chlorine molecule may 
approach easier from the side so that the cis compound would 
be predominant to about the same extent as the trans compound 
predominates from the 4-chlorocyclohexyl radical, since it 
appears that the free energy difference of the products re­
flects itself in the corresponding transition states (70a). 
R. J. Gritter and R. J- Albert (70b) recently reported that 
radicals generated from either cis- or trans-3-tertlary-butyl-
cyclohexanol, where the tertiary-butyl group is assumed to be 
in equatorial position, reacts with 1-octene to give 1-octyl-
5-tertlary-butylcyclohexa.nol where 64-67/2 of the hydroxy 1 groups 
(cis to trans ratio is 0.49-0.57) are in axial positions- For 
the reaction of 3-chlorocyclohexyl radical with a chlorine 
molecule the transition state would resemble the product less 
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than that of the above reaction since the activation energy of 
the second chain propagation step of photochlorlnatlon is sup­
posed to be very low. If the chlorine substituent of the 3-
chlorocyclohexyl radical is in axial position, it would appear 
to be much easier to approach from the side opposite to the 
substituent. Interaction between the substituent and the in­
coming chlorine molecule would be larger than in the case of 
chlorocyclopentanyl radical. The similarity of the cls-trans 
ratios for 3-attack on chlorocyclopentane and chlorocyclo­
hexane suggests the lack of appreciable conformations! stabil­
ity of cyclohexyl radicals and the greater stability of "trans" 
transition states for reaction of the radical with molecular 
chlorine, both in the cyclopentyl and cyclohexyl systems. 
In 4-chlorocyclohexyl radicals there may be little direct 
influence of the substituent on the products since the trans 
product is probably favored over the cis product thermo­
dynamic ally • 
R. J. Gritter and R. J. Albert (70b) reported that radi­
cals generated from either cis- or trans-4-tertiary-butyl-
cyclohexanol react with 1-octene to give l-octyl-4-tertlar.y-
butylcyclohexanol where the 52-62% hydroxy1 groups (cis to 
trans ratio 0.61-0.69) are in axial positions. The ratio of 
cis to trans compounds in the Hunsdiecker reaction of silver 
salts of cis- and trans-4-tertiary-butyIcyclohexanecarboxy11c 
acid with bromine in carbon tetrachloride gave a cis- to 
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trans-bromide ratio of 0.54'(70a) while the decomposition of 
the diacyl peroxides of cis- and trans-4-tertlary-butylcyclo-
hexanecarboxylic acid in tetrabromoethane gave a ratio of cis 
to trans bromide of 0.82-0.92 (70c). It is peculiar that the 
decomposition of dimethyl-(4-tertlary-but.ylcyclohexyl)-
carbinyl hypochlorites in carbon tetrachloride gave a ratio 
of cis- to trans-4-tertlary-butylcyclohexyl chlorides (70d) 
of 2:1. However, in each case, a common intermediate radical 
or mixture of radicals appears to be produced from either the 
cis or trans starting compound. 
Photochlorlnatlon of 1M solutions of bromocyclopentane 
in carbon tetrachloride at 40°C. gave poor reproducibility. 
In addition, g peak of trans-1,2-dichlorocyclopentane, 1.8 to 
9 times as large as the peak of 1-bromo-l-chlorocyclopentane, 
was found in the chromatogram of the chlorination products. 
Photochlorlnatlon at 0°C. gave a smaller peak for trans-1,2-
dichlorocyclopentane, *the peak now being only 3.4 times as 
large as the peak of 1-bromo-l-chlorocyclopentane. When more 
dilute chlorine gas was added over a longer period of time, 
the amount of trans-1,2-dichlorocyclopentane formed became 
smaller. Those observations can be explained by the addition 
of chlorine to cyclopentene as shown below: 
cr à G • »' 
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+  x c i 2  — 0 1  i -  ( x - i ) c i 2  
CI 
Rate = kA(0l2]X [cyclopentenej 
Br 
+ CI-
1 
Rate = (kg/Kg) [cig] [cyclopentenej [Br •] 
The brovm color observed during the course of these photo-
chlorinations and the retardation of the rate were presumably 
due to bromine formed in the above manner. 
P. S. Fredericks and J. to. Tedder (61) found 1,2-dichloro-
butane in the chlorlnation of 1-bromobutane. They also ob­
served a strong inhibition by bromine on the rate of the 
reaction. F. F. Rust and ¥. E. Vaughan (6h) found that above 
200°C. the yield of vicinal dichlorldes from the chlorlnation 
of chloroalkanes decreases rapidly with an increase in temper­
ature, whereas, the yield of other dichlorldes changes but 
slightly. A. B. Ash and H. C. Brown (6b) suggested that this 
"vicinal effect" is due to the instability of the intermediate 
radicals -CHgCl-CH- at high temperatures. 
When the photochlorlnatlon of bro mo cy clop en t an e was per­
formed at -30°C. the ratios of the bromochlorocyclopentanes 
were reproducible and the size of the chromatogram peak due 
to trans-1,2-dichlorocyclopentane was only about one half of 
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that of 1-bromo-l-chlorocyclopentane. The result of this 
photochlorlnatlon of bromocyclopentane Is listed In Table 5 
together with the result of a photochlorlnatlon of chlorocyclo­
pentane at -30°C. 
The higher reactivity at the 2-position of bromocyclo­
pentane relative to the 2-position of chlorocyclopentane will 
be discussed later when competitive chlorinations are dis­
cussed. The cis to trans ratios of l-bromo-3-chlorocyclo-
pentane and of 1,3-dlchlorocyclopentane are the same within 
experimental error. The covalent radius of s bromine atom is 
14$ larger than that of a chlorine atom, which is 38$ larger 
than that of a fluorine atom (71). Therefore, a greater 
steric effect might have been expected for the bromine substi­
tuent . P. S. Fredericks and J. M. Tedder have reported that 
18$ more of the erythro compound was obtained in the chlorlna­
tion of 2-chlorobutane than in the chlorination of 2-fluoro-
butane. 
Hydrogen abstraction in the photochlorination of chloro­
cyclopentane at -30°C. seems a little more selective than in 
the reaction at 40°C., as G. Walling and M. F. Mayahi (20s) 
observed for the photochlorlnatlon of 1-chlorobutane -
Competitive photochlorinations were performed for mix­
tures of halocycloalkanes and reference cycloalkanes whose 
reactivities relative to the parent cycloalkanes were known. 
These reactivities of the whole molecules and relative reac-
Table 5. Photochlorlnatlon of 1M bromocyclopentane and chlorocyclopentane 
in carbon tetrachloride solution at —30°C. 
Product of 
Substrate 1-attack (%) 
Bromocyclopentane 3.4 
Chlorocyclopentane 4.2 
Products of -3-attack. ( %) 
c lg 
cis trans Total trans 
43.3 43.3 23.2 30.1 53.3 0.77 
28.7 28.7 29.5 37.6 67.1 0.79 
Products of 
2-attack {%) 
cis trans Total 
aNo peak was observed. 
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tivitles of the various carbon-hydrogen bonds within the halo-
cycloalkanes allows one to calculate the reactivity of a 
given carbon-hydrogen bond in a halocycloalkane relative to 
the parent cycloalkane, as described in the introduction. The 
results are listed in Table 6. The experimental uncertainty 
of the results of the competitive photochlorinations at 40°C. 
are about + 10% while the experimental uncertainty of the 
reactivity of bromocyclopentane relative to cyclopentane at 
-30°C. may be + 20/6. However, experimental uncertainty of 
the reactivity of chlorocyclopentane relative to bromocyclo­
pentane at -30°C. may be less, possibly + 5%, owing to the 
similar reactivities and the high boiling points of compounds 
being chlorinated. 
Because of strong polar effects of the halogen substi­
tuants the attack by a chlorine atom occurs preferentially 
at carbon-hydrogen bonds remote from the substituent (6a). 
Table 6 shows that the 3-positlons of the chlorocycloalkanes 
are deactivated by the chlorine substituent as evidenced by 
both the competitive chlorinations of chlorocyclopentane 
with cyclopentane and by the photochlorlnatlon of chlorocyclo­
hexane where the hydrogen at the 3-position is 0.81 times as 
reactive as that of the 4-position. In the above comparison 
the 3-chlorocyclohexnyl and the 4-chlorocyclohexyl radical 
have the same number of hyperconjugative resonance structures. 
The carbon-hydrogen bonds at the 1-positions of chlorocyclo-
Table 6. Relative reactivities of carbon hydrogen bond toward chlorine atoms8 
Ghlorocy c lo alkan e Reference hydrocarbon 
1-
Position 
2-
Posltion 
3- 4-
Position Position 
Chlorocyclopentane*3 (1M) Cyclohexane (0.16M) 0.21 0.37 0.75 
Chlorocyclopentane0 (1M) Cyclohexane (0.17M) 0.19 0.31 0.75 
Ohiorocyclohexane^ (Ik) Cycloheptane (0.52M) 0.26 0.42 0.81 1.0 
Bromocyclopentane^ (1%) Cyclopentane (0.21k) 0.17 0.54 0.66 — 
Chlorocyclopentane^ (1M) Bromocyclopentane (lto) 0.18e 0.32e 0.73® 
aAseumed that the relative reactivities of a carbon-hydrogen bond of the parent 
cycloalkanes are 1.0. However, the reactivity of a carbon-hydrogen bond of cyclo-
pentane relative to that of cyclohexane is 1.04 (10a) which may be unity within 
experimental error. 
^In carbon tetrachloride solution at 40°G. 
cIn nitrobenzene solution at 40°C. 
dIn carbon tetracnloride solution at -30°C. 
eIn chlorocyclopentane, 3-position of bromocyclopentane assumed to have a 
reactivity of 0.66. 
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alkanes are less reactive than those at the 2-positions which 
are less reactive than the hydrogen at the 3-position. P. S. 
Fredericks and J. L. Tedder have reported that in competitive 
chlorination the 3-position of l-chlorobutane has the same 
reactivity as the secondary hydrogen of n-butane within the 
experimental error (6c). However, in the next paper in the 
series they report that competitive chlorination of l-chloro­
butane and 2-chlorobutane shows that the primary hydrogen of 
the letter compound is 0.8 times as reactive as the primary 
hydrogen of the former compound (6d). P. S. Fredericks and 
J. k. Tedder also have reported that in the vapor phase chlori-
nations of 2-halobutanes (fluoride and chloride at 35°C. and 
78°C. ) the 2-position is the most reactive site (6k). How­
ever, if the possible experimental errors they have shown 
are taken into account, the reactivities of the carbon-
hydrogen bond at the 2-position of 2-chlorobutane is the same 
as that of the 3-position within the experimental error. 
Apparently polar effects are much less important in the vapor 
phase since in the chlorination of l-chlorobutane in the vapor 
phase at 35°C. the reactivity of the carbon-hydrogen bond at 
the 1-position relative to that of the 4-position is 0.7 (6i) 
while in liquid phase at 34°C. the corresponding ratio is 0.3 
(21) • 
About the same reactivities were observed at a given posi­
tion (1, 2 or 3) in chlorocyclopentane and chlorocyclohexane. 
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Since the hydrogen at the 1-position of chlorocyclohexane is 
predominantly in the axial position (69), ease of attack on 
equatorial and axial hydrogens of the cyclohexane ring would 
appear to be about the same. Otherwise, different reactivity 
sequences might have been expected for cyclopentane and cyclo­
hexane derivatives. 
The result of the competitive photochlorinations of 
bromocyclopentane with cyclopentane or chlorocyclopentane 
shows a higher reactivity for the 2-position of bromocyclo­
pentane than for chlorocyclopentane. For the bromine substi­
tuent, the magnitude of polar-inductive effect may be nearly 
the same as that for the chlorine substituent, since calcu­
lated sigma' values, which can be thought of as a true measure 
of polar-inductive effect, sre 0.47 for the chlorine substi­
tuent and 0.45 for the bromine substituent (72). Therefore, 
the above observation may not be due to a different magnitude 
of the polar-inductive effect of the substituent. A possible 
explanation is stabilization of the intermediate radical by 
participation of the bromine substituent. 
M 
P. 5. Skell et al. reported that they found l-bromo-2-
chloropropane but did not find 2-bromo-l-chloropropane in 
the product of the reaction of 2-bromopropane with tertiary-
butyl hypochloride at -78°C. (73). Similarly I found that in 
the photochlorination of 2-bromopropane at -30°C., 1-bromo-
2-chloropropane is formed. No 2-bromo-l-chloropropane and 
only a trace of 1,2-dichloropropane was found. P. I. Abell 
and L. H. Piette reported that the e.s.r. spectra of the bro­
mine atom adducts of alkenes and alkynes at 77°K. are best 
interpreted by assuming s symmetrical or bridged structure 
(74). As they pointed out, the bridged structure does not 
imply a fixed or static structure, but the bridge can be 
looked upon as resulting from a resonating structure in which 
the bromine atom oscillates between carbons at a frequency 
greater or equal to the magnitude of the spectrometer fre­
quency. The above observations together with the fact that 
only a trace of çis-l-bromo-2-chlorocyclopentane was formed 
may support the participation of the bromine substituent in 
the photochlorination of bromocyclopentane. Since in the 
chlorination with molecular chlorine no drastic change of 
reactivity by resonance stabilization of intermediate radicals 
(10) can be expected, the small enhancement of reactivity at 
the 2-position of bromocyclopentane appears to be of the 
correct order of magnitude for such an effect. Originally 
the bromine bridged radical was proposed as an interpretation 
of the trans addition of hydrogen bromide by a free radical 
mechanism (63, 64b, .75). Phenyl group participation in the 
peroxide-catalyzed decarbonylation of 5-phenylpentanal and 
5-methyl-5-phenylhexanal was also reported by S. Winstein et 
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al. (77). They found tetralin as a product in the former 
case and 2-methyl-5-phenylpentane and (X , (X-dimethyltetralin 
in the latter case. However, the difficulty is that examples 
of bromine with an expanded valence shell are known (for 
example, BrF3 and Br^ ), but in these, the bromine is bound 
only to halogen atoms and not to carbon atoms (76). Recently 
D. E. Applequlst and N. D. VJerner ( 78) reported that the 
Hunsdiecker reaction of silver salt of (+)-trans-l,2-cyclo-
hexanedicarboxylic acid with bromine gives (-)-trans-l,2-
dibromocyclohexane. The mechanism of the reaction proposed 
by them involves 2-bromocyclohexyl radicals but excludes the 
presence of a fixed bridged structure of the intermediate 
radicals. 
The reactivities at the 1- end the ^-positions of all 
the halocycloalkanes investigated is within the experimental 
error, if both errors in the competitive chlorlnatlons and 
the chlorlnatlons for determining the isomer distributions 
are taken into account. 
Chlorlnation of chlorocyclopentane with 
sulfuryl chloride, trlchloromethanesulfonyl 
chloride and tertiary-butyl hypochlorite 
Equations 1-4 represent a general formulation for chain 
propagation in competitive free radical reactions. 
R]H + X » RX- + HX 
RGH + X RG- + HX 
(1) 
( 2 )  
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R]_- + XY — R]Y + X' (3) 
Rg" + XY — RgY + X- (4) 
In the above general formulation if steps 3 and 4 are 
faster than steps 1 and 2, the reactivities of RjH and RgH 
control the products. However, if steps 1 and 2 are faster 
than steps 3 and 4, the reactivities of Rj* and Rg* will have 
an effect upon the products of the reaction. 
The mechanism of chlorination with sulfuryl chloride and 
light is commonly accepted as follows (?): 
S O g C l  — S O g C l -  +  C I -
SOgCl- 7—» SOg + CI-
RH + SOgCl R- + HOI + SOg 
R- + SOgClg RC1 + SOgCl-
Higher selectivity of sulfuryl chloride than molecular chlor­
ine (?) has been explained by the equilibrium of the chloro­
sulfonyl radical with sulfur dioxide and the chlorine atom. 
It was suggested that this equilibrium can be replaced by the 
equilibrium 
SOgCl• + Ar - SOg + Ar—<•Cl­
in aromatic solvents (79), where molecular chlorine and 
sulfuryl chloride show similar selectivities. 
It appears likely that the hydrogen abstractions by 
chlorosulfonyl radicals and by chlorine atoms are the slower 
steps in chlorlnatlons since the order of the reactivities of 
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carbon-hydrogen bonds of hydrocarbons is primary <. secondary<( 
tertiary (2b, 7). 
The mechanism of chlorination with tertiary-butyl hypo­
chlorite (25) and light may be as follows : 
t-BuOCl t-BuO• + CI* 
t-BuO- + RH t-BuOH + R* 
R* + t-BuOCl RCl + t-BuO• 
If R is benzyl, AH for the hydrogen abstraction step and AH 
for the attack on tertiary-butyl hypochlorite b;. a benzyl 
radical have been estimated to be -26.5 and -24 keel./mole 
respectively (25). An estimated activation energy of the 
former step is 2 + 2 kcal./mole and the chain length was 
calculated to be at least 10^ (25). The order of the reac­
tivities of carbon-hydrogen bonds of hydrocarbons is also 
primary < secondary < tertiary. Therefore, chlorination with 
tertiary-butyl hypochlorite is similar to chlorination with 
molecular chlorine although selectivities of the former reagent 
are somewhat greater. 
Chlorination with trichloromethanesulfonyl chloride (80) 
has been reported to be somewhat different from the other 
chlorinating reagents described above. According to E. S. 
Huyser and B. Giddings (80a), the mechanism of the chlorina­
tion may be as follows: 
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C13CS02C1 ClgC- + SOg + CI-
C13C- (or 01-) + RH HCClg (or HC1) + R-
R- + C13CS02C1 RC1 + ClgCSOg" 
Cl3CS0g" + RH • ClgCSOgH + R- ' 
ClgCSOgH HCC13 + SOg 
Competitive chlorlnatlons of cyclohexane and toluene 
with trimethanesulfonyl chloride and competitive bromination 
of these compounds with bromotrichloromethane (80a) elimin­
ated the possibility that the trichloromethyl radical was the 
hydrogen abstracting species in the reaction involving tri-
chloromethanesulfonyl chloride. They reported that trichloro-
methanesulfonyl chloride reacts with ethylbenzene to give only 
CL-chloroethylbenzene. Thus, this reagent Is more selective 
than molecular chlorine and sulfuryl chloride. It was also 
found that cyclohexane is more reactive than toluene toward 
this reagent. This indicates that the trichloromethanesulfonyl 
radicals are electron deficient species like chlorine atoms • 
and tertlary-butoxy radicals. However, it was reported that 
toluene is mere reactive than cumene toward this reagent'. 
This fact has been explained aa being due to the fact that 
cumyl radicals have less ability than benzyl radicals to 
abstract chlorine atoms from trichloromethanesulfonyl chlor­
ide. They also reported that the chain length of the chlori­
nation with this reagent is very short (for cyclohexane 6.4, 
for cumene 0.8-3) . 
The results of the photochemical chlorinations of chloro­
cyclopentane with the above mentioned chlorinating reagents 
are shown in Table 7. A distinct feature of the reaction of 
tertiary-butyl hypochlorite is that the cerbon-hydrogen bond 
at the 1-position is the most reactive toward this reagent, if 
the statistical factor is taken into account. Preferential 
attack at the 3-position over the 2-position by the radicals 
generated from those reagents shows that these radicals are 
electron deficient species as has been pointed out previously 
(25, 72a). The ratios of 2-attack to -3-attack cannot be said 
to be a true measure of the electron deficiency of those radi­
cals (10c), but must to son.e extent reflect this electron defi­
ciency • The ratios for molecular chlorine, sulfuryl chloride 
and trichloromethanesulfonyl chloride are similar. The ratios 
of 1-attack to 3-attack shows the order of importance of 
resonance stabilization in the transition states of molecular 
chlorine (ClO <C sulfuryl chloride (CI • plus SOgCl-) < tri­
chloromethanesulfonyl chloride (CCl^SOg•) provided the sensi­
tivities toward polar effects are about the same. The ter-
tlary-butoxy radical seems to be less electron deficient than 
the other species. This can be explained as the tertiary-
butyl group is an electron donating group. When the relative 
reactivities of l-chlorobutane in the chlorination with 
molecular chlorine (20a) and with tertiary-butyl-hypochlorite 
(25) are compared, it is observed that the ratios of 3- and 
Table 7. Chlorination of 1M chlorocyclopentane in carbon tetrachloride solution 
Product 
of 
Products 
2-attack 
of 
(%) 
Products of 
3-at tack {%) 
1-attack cis 1-Attack 2-At tack 
Reagent (^) cis trans Total cis trans Total trans 3-Attack 3-Attack 
Molecular 
chlorine® 4.6 0.5 31.2 31.7 25.7 38.1 63.7 0.67 0.072 0.50 
Sulfuryl 
chloride 
(0.35k) 6.4 1.4 31.6 33 • 0 14.2 46.4 60.6 0.31 0.11 0.54 
Trichloro­
methanesulfonyl 
chlorldeb 
(0.35k) 14.3 2.1 29.2 31.3 11.4 42.6 54.0 0.27 0.26 ' 0.58 
tert1ary-Buty1 
hypochlorite1 
(0.35M) 
3 
25.0 —d 33.6 33.6 9.3 32.2 41. 5 0.29 0.60 0.81 
aTaken from Table 2• 
bAt 79.5° + 0.5°C. 
°At 40.0° + 0.1°C. 
^No peak was observed. 
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CHg-CHg-CHg-CHgCl Chlorination with molecular 
1.0 2.79 1.28 0.36 chlorine at 34°C. 
CHg-CHg-CHg-CHgCl Chlorination with tertiary-butyl 
1.0 4.19 1.87 1.92 hypochlorite at 40UCT 
2-attack are cjs. 0.45 in both reactions . It should be noted 
that E. S. Huyser and B. Giddings (80a) reported that tri­
chloromethanesulfonyl chloride chlorination of ethylbenzene 
gave no J5 -chloride at 78°-80°C. (80a) whereas C. Vf ailing and 
B. B. Jacknow reported that the tertlary-butyl-hypochlorite 
chlorination of ethylbenzene g~ve 8;5 of the yff-chloride at 
40°C. It should also be noted (see p. 66) that toluene is 
more reactive than cumene toward trichloromethanesulfonyl 
chloride (80a). Therefore, the lower percentage of the 1,1-
dichlorocyclopentane in the trichloromethanesulfonyl chloride 
chlorination than in the tertlary-butyl-hypochlorite chlori­
nation could be attributed to low reactivity of 1-chlorocyclo-
pentyl radicals toward trichloromethanesulfonyl chloride as 
well as to a difference of electron deficiency of the tertiary-
butoxy and the trichloromethanesulfonyl radicals. A chain 
length of 1.3 was calculated for the chlorination of chloro­
cyclopentane by trichloromethanesulfonyl chloride by assuming 
that all the termination of chains occurred by coupling of 
trichloromethyl radicals. 
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Experimental 
Apparatus and procedure 
The apparatus used for photochlorination of halocyclo-
alkanes is shown schematically in Fig. 1-3. The carrier gas 
(pre-purified nitrogen) was introduced into the system through 
a drying tube containing glass beads coated with phosphorus 
pentoxide. By the manipulation of the three-way stopcock B 
the carrier gas could be directed either directly to the 500 
ml. mixing bulb E or through liquid chlorine reservoir D and 
then to the mixing bulb. From the bulb the gas was intro­
duced into the reaction flask through a gas inlet glass tube 
with a fine tip which nearly reached the bottom of the flask. 
The gas leaving the reaction flask passed through a condenser 
containing ice-water or s Dry Ice-acetone mixture, and a gas 
trap containing a 10;* sodium hydroxide solution. The reaction 
flask was mounted in a 40°C. constant temperature water bath 
or acetone bath whose temperature was maintained at -30° + 
0 
1 C. by adding pieces of Dry Ice from time to time. In the 
former case a 200 watt unfrosted tungsten lightbulb was 
immersed in the water bath approximately 3 cm. from the flask. 
In the latter case the flask, was illuminated by the lightbulb 
outside of the bath. The distance from bulb to flask was 
also approximately 3 cm. As the carrier gas, Matheson grade 
pre-purified nitrogen was used. Before the reaction was 
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Fig. 13. Photochlorination apparatus 
A: drying tube 
B: Teflon three-way stopcock 
C: glass tube with a tapered joint and a Teflon 
stopcock. 
D: liquid chlorine resorvoir 
E: -500 ml. mixing bulb 
F: spherical joints 
G: reaction flask with a tapered joint, 
approximately 30 ml. 
H: condenser 
I: spherical joints 
J: gas trap 
; : Pyrex glass tube 
• : Tygon (polyvinyl chloride plastic) 
tubing 
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started, chlorine gas was condensed In the liquid chlorine 
reservoir by using a Dry Ice-acetone bath. Material to be 
chlorinated was placed in the flask and degassed by the nitro­
gen by-passing the reservoir. Then the stopcocks B end C 
were adjusted in order to allow the nitrogen to pass over the 
liquid chlorine storage tube. The Dry Ice-acetone bath was 
taken away from the liquid chlorine reservoir and the desired 
amount of chlorine was allowed to vaporize. The amount of 
liquid chlorine vaporized was measured by calibration of the 
reservoir. After evaporation of the desired amount of liquid 
chlorine the stopcocks were adjusted so the nitrogen by-passed 
the reservoir. The nitrogen flow rate was sufficiently low 
so that the temperature of the reaction mixture did not 
deviate from that of the surrounding bath. After the addi­
tion was completed, the reaction mixture was degassed by the 
passage of nitrogen to remove the hydrogen chloride formed. 
In the case of competitive photochlorinations where a volatile 
cycloalkane, e.g. cyclopentane and cyclohexane, were used, the 
top of C was directly connected to F with a glass tubing end 
chlorine was vaporized very slowly with low flow r?te of nitro-
A 
gen so that the amount of nitrogen gas passed through the 
reaction mixture was a minimum. Degassing after the reaction 
was not performed in such cases. When tertiary-butyl hypo­
chlorite was used as the chlorinating reagent, the same 
apparatus was used and the nitrogen flow passed through the 
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reaction mixture in order to stir the mixture during the two 
hour reaction period and to sweep out the hydrogen chloride 
formed. In the esse of sulfuryl chloride chlorination the 
reaction mixture was placed in a Pyrex glass flask similar 
to one used in photochlorination fitted with a. water cooled 
reflux condenser. The reaction mixture was illuminated by a 
200 watt unfrosted tungsten lightbulb mounted approximately 
5 cm. from the flask, end was hefted by a gas flame so that 
gentle boiling of the reaction mixture occurred during the 
three hour reaction period. The temperature of the reaction 
mixture was measured with an Anschutz thermometer hanging by 
a platinum wire from the top of the condenser. In the case 
of trichloromethanesulfonyl chloride chlorination a quartz 
reaction flask was used. The reaction mixture was illumin­
ated with a. General Electric UA-E lamp during the five hour 
reaction period. Otherwise the reaction apparatus was the 
same as used for the sulfuryl chloride chlorination. 
Analytical procedure 
Isomeric dihalo-hydroc a rbons formed in the chlorination 
reactions were analyzed by gas liquid chromatography in an 
instrument using a hot wire thermal conductivity gauge. 
Analysis of chlorination mixtures of chlorocyclopentane and 
bromocyclopentane were made using a 2 m. Perkin-Elmer B 
column (reportedly di-2-ethylhexylsebacate) at 140°C. The 
74 
only exceptions were the analyses of trichloromethanesulfonyl 
chloride chlorination mixtures and sulfuryl chloride chlori­
nation mixtures of chlorocyclopentane. In those cases a 300 
foot Perkin-Elmer R Golay column (reportedly polypropylene 
glycol) was used at 75°C. Analyses of chlorination mixtures 
of chlorocyclohexane were made by a combination of a 2.2 m. 
polypheny1 ether column (20% on 80/100 mesh Chromosorb W) 
and s 1.5 m. diisodecyl phthalate column (10% on 80/100 mesh 
Chromosorb W) at 150°C. for dichlorides other than 1,1-
dichlorocyclohexane and cis-l.2-dlchlorocyclohexane. For 
analysis of 1,1-dichlorocyclohexane the 2 m. Perkin-Elmer B 
column was used at 150°C. and for analysis of cis-l,2-dl-
chlorocyclohexane two 1.8 m. polyphenyl ether columns {10% on 
80/100 mesh Chromosorb W) were used at 150°C. Determination 
of the relative reactivity of chlorocyclopentane vs. cyclo­
hexane in carbon tetrachloride by competitive photochlorina­
tion was made by measuring the disappearance of the two reac-
tants (hereafter relative reactivities of halocycloalkanes 
were determined by measuring disappearance of reactants unless 
otherwise mentioned) . Aim. yS, yd1 -oxydipropionitrile column 
(20>2 on 80/100 mesh firebrick) was used at 90°C. end bromo-
benzene was added as the internal standard in this case. 
Determination of the relative reactivity of chlorocyclopen­
tane vs. cyclohexane in nitrobenzene was made by using the 
2 m. Perkin-Elmer B column at 140°C. utilizing the solvent 
75 
ais an internal standard. In this case both disappearance of 
chlorocyclopentane and cyclohexane, and appearance of chloro­
cyclohexane were measured. The values of the relative reac­
tivity from both measurements agreed with 12% difference. 
In the former case chlorocyclopentane was decomposed in the 
Injector of g.l.c. and formed cyclopentene probably due to 
hydrogen chloride remaining in the reaction mixture. The 
necessary correction was made. Determination of the rela­
tive reactivity of chlorocyclohexane vs. cycloheptane was 
made by using the 2 m. Perkin-Elmer B column at 140°C. with 
chlorobenzene as the internal standard. Both determinations 
of the relative reactivities of bromocyclopentane vs. cyclo­
pentane and chlorocyclopentane was made by using aim. poly­
propylene glycol column {20% on 80/100 mesh Chromosorb W) at 
87°C. with bromobenzene as the internal standard.. Qualita­
tive analysis of photochlorination products of lsopropyl 
bromide and n-propyl bromide were performed by using the 300 
foot Perkin-Elmer R Golay column at 50°C. 
Reagents 
Sulfuryl chloride (Eastman Kodak Co. practical grade) 
was distilled through a Vigreux column prior to chlorination. 
Trichloromethanesulfonyl chloride (Eastman Kodak Co. practical 
grade) was used without further purification. tertiary-Butyl 
hypochlorite is described later in the synthesis of 3-chloro-
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hexene. Chlorocyclopentane (Matheson, Coleman and Bell) was 
used without further purification. Its purity was indicated 
to be 99.5$ by g.l.c. Chlorocyclopentane (Eastman Kodak Co.) 
was used without further purification. Its purity was shown 
to be 99.8/6 by g.l.c. Bromocyclopentane (Chemical Inter­
mediates and Research Laboratories, Inc.) was rectified in a 
Todd column packed with glass helices at 50 mm. Hg and had a 
purity of 99.5% when analyzed by g.l.c. Phillips 99 mole per 
cent minimum purity cyclopentane was washed with fuming sul­
furic acid end water, dried and rectified in 30 cm. Daufton 
column• Its purity was indicated to be 99.9/2 by g.l.c.. 
Spectrograde Eastman Kodak cyclohexane was used. The cyclo-
heptane wash was purified by Professor Russell who rectified 
material from Madison Laboratories in a twenty plate helices-
packed column and showed its purity to bë 92.9/2. Isopropyl 
bromide and n-propyl bromide (both from Matheson, Coleman and 
Bell) were used without further purification. Carbon tetra­
chloride from Fisher Scientific Co. or Mallinckrodt was passed 
through silica, gel and stored over Molecular Sieves (Linde 
Co.). Nitrobenzene from Matheson, Coleman and Bell was dis­
tilled through a Vigreux column and the center fraction passed 
through silica gel and stored over Molecular Sieves. Aceto-
nitrile (Matheson, Coleman and Bell), carbon disulfide 
(Mallinckrodt) and benzene (Mallinckrodt, thiophene free) 
were passed through silica gel before use. Chlorobenzene 
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(Matheson, Coleman and Bell) and bromobenzene (Eastman Kodak) 
were used without further purification as internal standards 
for g.l.c. measurements. 
Synthesis of dihalocycloalkanes 
1.1-Dlchlorocyclopentane The method described by E. 
A. Braude and W. F. Forbes (81) was followed to synthesize 
this compound. From 170 g. of cyclopentanone and 400 g. of 
phosphorous pentachloride, 54 g. of l-chlorocyclopentane, 
b.p. 102°-10S°C./740 mm., and 66 g. of 1,1-dlchlorocyclo­
pentane, b.p. 132°-140°C./740 mm., were obtained after a 
rapid distillation through a 30 cm• Daufton column. The 
total yield was 50$ based on cyclopentanone used. After a 
distillation through a Todd column packed with glass helices, 
pure 1,1-dichlorocyclopentane, b.p. 141°-141.2°C./746 mm., 
njp = 1.4709 was obtained. 
cis-l,2-Dichlorocyclopentane This compound has not 
been reported in the literature. It was prepared in a simi­
lar manner to the reported preparation (55) of cis-l,2-di-
chlorocyclohexane. trans-2-Chlorocyclopentanol, b.p. 83°-
84.5°C./18 mm., was prepared by the method of H. B. Donshoe 
and C. A. Vanderwerf (82). The chlorohydrin (15 g.) was mixed 
with 29 g. of freshly distilled pyridine in a dropping funnel. 
This mixture was dropped slowly onto 42 g. of thionyl chloride 
contained in a 500 ml. three-necked flask fitted with a 
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stirrer, thermometer and condenser, and maintained at 70°-
80°C. Stirring and heating was continued for two hours after 
addition was complete. Excess thlonyl chloride was destroyed 
by dropwise addition of 65 ml. of ice water and the organic 
layer separated and washed with 6 ml. of 10$ sodium carbonate 
solution. The product was then steam distilled, dried over 
calcium chloride and fractionated at a pressure of 20 mm. 
The yield of a fraction boiling at 71°-74°C. was 1.4 g. or 
8/o. This fraction consists of ca. 75.: of cis-l,2-dichloro-
cyclopentane and ca. 25$ of trans-l,2-dlchlorocyclopentane 
based on g.l.c. analysis. Purification by g.l.c. gave 97$ 
25 
pure cis-l,2-dlchlorocyclopentane, nD = 1.4822. 
trans-1,2-Dichlorocyclopentane This compound was 
prepared according to the method of H. L. Goering end F. H. 
kcCarron (83). The fraction boiling at 50.0°-50.5°C. at s 
pressure of 20 mm. had the same refractive index as given in 
25 the above reference, nD = 1.4781. 
cis-l,3-Dichlorocyclopentane A. This compound has 
not been mentioned in the literature. Attempted synthesis of 
this compound along with its geometric isomer, trans-1,3-
dichlorocyclopentane, by reactions of cls-1,3-cyclopentanedlol 
with concentrated hydrochloric acid and with thlonyl chloride 
in the presence of pyridine gave poor results. In the former 
case 10 g. of the diol and 40 ml. of concentrated hydrochloric 
acid were heated in a sealed Carius tube at 100°C. for 12 
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hours. Black amorphous material was the only product. In 
the latter case a mixture of 10 g. of the diol and 46 g. of 
freshly distilled pyridine were added dropwise to 67 g. of 
thlonyl chloride placed in a three-necked 250 ml. flask. The 
reaction conditions were similar to those employed in the 
synthesis of cis-l,2-dlchlorocyclopentane. The reaction mix­
ture turned black and contained a lot of black resinous mate­
rial. The mixture was directly steam distilled and 1 g. of 
oil was obtained. It was established that the oil consisted 
of 9/q trans-1.2-dlchlorocyclopentane, 52% trans-1,3-dichloro­
cyclopentane and 59% cis-l,5-dlchlorocyclopentane by g.l.c. 
analysis. 
B . A solution of cls-l,5-cyclopenter.edlol ditoluer.e-p-
sulphonate (5 g.) and lithium chloride (21 g.) in absolute 
ethanol (90 ml.) was refluxed for 6 hours, then neutralized 
with alcoholic potassium hydroxide solution, concentrated 
under vacuum, diluted with water, extracted with ether, and 
dried over anhydrous sodium sulfate. After evaporation of the 
ether a heavy liquid and crystalline solid remained. The 
liquid portion was separated, dissolved in ether, and ana­
lyzed by g.l.c. The predominant peak in the chromatogram, 
presumably due to cis-l.5-dlchlorocyclopentane. had the same 
retention time as the fourth peak of the dichlorocyclopentanes 
prepared by photochlorination of chlorocyclopentane. No 
attempt to isolate pure cis-l,5-dlchlorocyclopentane was made 
80 
because of the low concentration of the substance in the 
reaction product. 
C. 1.2 g. of 4-chlorocyclopentene and 4 ml. of Skelly A 
were placed in a Carius tube• The tube was cooled with liquid 
nitrogen and connected to a vacuum line from which 1.8 g. of 
anhydrous hydrogen chloride was condensed into the tube. 
After the tube was sealed it was kept in ice for 3 weeks. 
Then the tube was opened, the contents were taken up with 
ether, washed with 10;. sodium carbonate solution and water, 
and dried over calcium chloride. In the g.l.c. spectrum of 
this solution there were two peaks, presumably due to cls-
and trans-1,3-dichlorocyclopentane, other then the peaks due 
to the solvent and the starting material. Mo attempt was 
made to isolate the pure 1,3-dichlorocyclopentanes. 
D. A solution of chlorocyclopentane (150 g.) in a 50:50 
mixture of carbon tetrachloride and benzene (500 ml.) was 
placed in a 1 1. three-necked flask fitted with a fritted 
glass inlet, calcium chloride drying tube and thermometer. 
The flask was immersed in a -40°C. Dry Ice-acetone bath. A 
200 watt incandescent lamp was hung above the flask so that 
its content could be irradiated. Chlorine gas diluted with 
nitrogen was passed through the solution and the reaction was 
stopped when 40 g. of chlorine was added. The thermometer 
registered -10°C. during the reaction. After the solution 
was degassed by passing nitrogen and most of the solvent was 
81 
distilled out by a simple distillation head, the isomeric 
dichlorocyclopentanes were separated by a Todd column packed 
with glass helices at a pressure of 70 mm. N.m.r. spectrum 
of fraction b.p. 102.6°C./70 mm. was determined and proved 
to be cls-1.5-dlchlorocyclopentane. Purity of this fraction 
was determined by g.l.c.: cls-1.3-dlchlorocyclopentane 96.4%, 
trans-1.5-dlchlorocyclopentane 0.5$, cls-1,2-dlchloroc.yclo-
pentane 3.1$. n§° = 1.4864, n§5 = 1.4839. 
trans-1,5-Dichlorocyclopentane This compound has not 
been reported in the literature. It was synthesized along 
with cis-l.5-dlchlorocyclopentane as described in B. and C. 
above. This compound was isolated In nearly 100$ purity from 
the photochlorination product of chlorocyclopentane as 
described in D. above. N.m.r. spectrum confirmed its struc­
ture. B.p. 89.2°C./70 mm., np° = 1.4822, n§5 = 1.4800. 
cis-l.5-Cyclopentajiedlol A mixture of cls-5.4- and 
cls-3.5-c.vclopentenedlol (84) was kindly supplied by Professor 
DePuy • cls-3.4-Cyclopentanedlol. the lower boiling component, 
was removed by fractional distillation at 68.5°-71.5°C./I mm. 
with a spinning band column. The residue was distilled 
through a 30 cm . Daufton column at 97.5°-100.5°C./I mm. The 
unsaturated diol (10 ml.) in 95$ ethanol (100 ml.) was hydro-
genated catalytic ally (85) in the presence of platinum oxide 
catalyst. Hydrogénation was repeated ten times. After dis­
tillation through the. 30 cm. Daufton column .ca. 70 ml. of a 
substance b.p. 123°-127°C./10 mm. was obtained. It is solid 
at room temperature. It was derivatized to give a bis-p-
nitrobenzoate m.p..182.5°-183.0°C. and a bis-p-toluene-
sulfonate m.p. 90.0°-92.5°C. .The melting points of the 
derivatives agree with those in references (55, 57b, 84, 85) 
for derivatives of cis-l,3-cyclopentanedlol• 
4-Chlorocyclopentene This compound has not been re­
ported in the literature. A solution of 3-cyclopentene-l-ol 
(29.4 g.) and Skelly A (85 ml.) was added dropwise to s mix­
ture of phosphorous pentachloride (39 g.. ) and Skelly A (85 
ml.) placed in a 1 1. three-necked flask fitted with a 
stirrer and thermometer. The temperature was kept at -10°-
0°C. during the addition. Stirring was continued for ten 
hours after addition was complete. The temperature was 
gradually raised to room temperature during the additional 
stirring. The mixture was poured over ice, and the organic 
layer separated, washed with 10,:l sodium carbonate solution 
and water, and dried over calcium chloride. After most of 
the solvent was distflled under atmospheric pressure the 
residue was fractionated at reduced pressure using a small 
Vigreux column. The yield of chloride boiling at 39°C./ 
60 mm- was 2.6 g. or 7.2/2. The n.m.r. spectrum of the mate­
rial confirmed the structure. Reactions of 4-cyclopentenol 
with concentrated hydrochloric acid under reflux and with 
thionyl chloride in the presence of pyridine at 40°-50°C. 
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did not give the corresponding chloride. 
5-Cyclopenten-l-ol The method of synthesis described 
by S. L. Albred, J. Sonnenberg and S. Winstein (59) was 
modified in the light of the article by H. C. Brown and B. 0. 
Subba Rao (86) mainly because of hazardous nature of diborane. 
Gyclopentadiene was prepared by the method of R. B. Moffett 
(87). A solution of eyelopentadiene (190 g.) and sodium 
borohydride (23 g.) in 700 ml. of diglyme we s placed in a 
2 1. three-necked flask fitted with a dropping funnel in which a 
solution of boron triflouride etherate (126 g.) in diglyme 
(150 ml.) was placed. The flssk was cooled in an ice b?th 
and the solution of boron trlfluoride etherste was added 
dropwise. Stirring and cooling was continued for one hour 
after addition was complete. During this period a slow stream 
of nitrogen was passed through the flask. The contents of 
the flask were allowed to stand for a second hour. A reflux 
condenser was then substituted for the nitrogen outlet. 
Water (120 ml.), and then 3M sodium hydroxide (240 ml.) were 
added to the flask for hydrolysis. Hydrogen perioxide (240 ' 
ml. of 30;») was added so that slow reflux occurred. After 
the temperature of the solution dropped to room temperature, 
the upper organic layer was separated. Practically no dicyclo-
pentadiene remained in the lower water-diglyme layer after 
three extractions with 50 ml. portions of ether. Then the 
water-diglyme layer was extracted continuously with ether 
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(800 ml.) until no volume decrease of the water-diglyme layer 
occurred. The ether extract was dried over anhydrous sodium 
sulfate, distilled with 30 cm. Deufton column, and the frac­
tion boiling at 70°-78.5°C./3? mm. was collected =md refrac-
tionrted in a Todd column packed with konel helices. The 
fraction boiling at 67°-67.2°C ./36 nirn. (£4.3 g.) showed n^p = 
1.4678 ; the fraction boiling at 67.2°-69.0°C./36 mm. (5.1 
PI g. ) , njj = 1.4652- The total yield b?sed on the sodium boro-
hydride used we s 20;». 
1-Bromo-l-chlorocyclopentane Synthesis of 1-bromo-l-
chlorocyclohexane was reported by E. Having? et al. (51) end 
H. L. Goering and L. L. Sims (63). For the present synthesis 
a method similar to Goering and Sims' methods A r-nd C was 
adopted. 
A. 1-Chlorocyclopentene (10 g.) was dissolved in 200 ml. 
of anhydrous ether in a 500 ml. flask equipped with a con­
denser and a. fritted glass gas inlet. The flask was cooled 
in an ice bath and anhydrous hydrogen bromide was passed 
through the solution for about two hours. The reaction mix­
ture was washed with water and dried over anhydrous sodium 
sulfate. Rapid distillation with a simple distillation head 
at a pressure of 20 mm. gave ça. 2 ml. oil. It was shown to 
be ça. a 50:50 mixture of 1-chlorocyclopentene and 1-bromo-l-
chlorocyclopentane by g.l.c. The second distillation gave a 
fraction b.p. 52°-57°C./20 ma., which contained ça. 60;: desired 
i 
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compound. 
B. Two Carius tubes, each containing 8.1 g. of 1-chloro-
cyclopentene were frozen in liquid nitrogen, and connected to 
a vacuum line. Hydrogen bromide (78 g.) was added to each 
tube. The tubes were sealed and allowed to stand at room 
temperature for three days. The tubes were opened and their 
contents combined. The reaction mixture was washed with water 
and dried over calcium chloride. Rspid distillation with a 
simple distillation head at a pressure of 41 mm. gave a 
fraction boiling at 75°-79°G., 17.4 g. It' was shown to be 
83$ 1-bromo-l-chlorocyclopentane and 13% 1-chlorocyclopentene 
by g.l.c. A further distillation of this fraction using a 
30 cm. Daufton column failed to give a fraction containing 
mere than 80/2 1-bromo-l-chlorocyclopentane. 
trans-l-Bromo-2-chlorocyclopentane The method of 
reference (53) for trans-l-bromo-2-chlorocyclohexane was 
followed. A solution of 60 g. of cyclopentene in 400 ml. of 
chloroform was prepared in a 1 1. three-necked flask fitted 
with fritted glass gas inlet and calcium chloride drying tube. 
A slurry of 165 g. of N-bromosuccinimlde (recrystalllzed from 
water) in 200 ml. chloroform was added in portions as anhy­
drous hydrogen chloride was passed through the solution. The 
N-bromosuccinimide stayed in the bottom of the flask and its 
product succinimide floated on the surface of the solution. 
Therefore, progress of the reaction could be easily ascer­
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tained. During the reaction the flask was cooled with an ice-
water bath. After the reaction the solution we s filtered, 
washed with 10# sodium carbonate and water, and dried over 
calcium carbonate. A rapid distillation with a simple column 
o o 
at a pressure of 13 mm. gave 93 g. of material, b.p. 62 -96 
C./13 mm. The second distillation using the 30 cm. Daufton 
o o 
column gave a total of 79 g. of distillate, b.p. 55.4 -67 
C-/12 mm. The yield was 46# based on N-bromosuccinimide used. 
Further distillation using s .Todd column packed with glass 
helices at a pressure of 38 mm. gave a fraction boiling at 
O PQ P5 
78.0 C., ng = 1.5123, ng = 1.5100. 
cls-l-Bromo-2-chlorocyclopentane The method of prep­
aration for cls-l-bromo-2-chlorocyclohexane given in refer­
ence (63) was followed. For this reaction a flat bottom flask 
with three female standard taper joints was used. To the 
center joint a quartz tube mercury vapor lamp surrounded with 
cooling water jacket was fitted. A frittered glass gas inlet 
long enough to reach the bottom of the flask and a. calcium 
chloride drying tube were fitted to the other joints. A 
solution of 1-chlorocyclopentene (49.1 g.) in pentane (1500 
ml.) was placed in the flask cooled in an ice bath. The solu­
tion was stirred with a magnetic stirrer during the one hour 
reaction. The reaction mixture was washed with water three 
times, once with 10# sodium carbonate solution and once again 
with water, and dried over calcium chloride. A rapid dis-
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tillation with a simple distillation column at a pressure of 
4 mm. gave ça. 45 ml. of distillate, b.p. 50°-66°C. Further 
distillation using the 30 cm. Daufton column gave four frac­
tions (overall b.p. range 63.2°-65.0°C., 66.3 g. or 75/Z 
yield). The second fraction (17.4 g.) had a b.p. 63.9°C./4 
CQ 
nun. np = 1.5227 while the third fraction (34.3 g.) had a 
b.p. 63.9°-64.5°C./4 mm. n^0 = 1.5227. 
els- and trans-l-Bromo-3-chlorocyclopentane A. 3-
Chlorocyclopentene was prepared by the method of Koff et (87) . 
Hydrogen bromide (9.8 g.) was condensed from a vacuum line 
on a solution of 3-chlorocyclopentene (8.2 g.), n-hexane 
(50 ml.) and cyclohexene hydroperoxide (0.2 g.), which was 
kindly given by Dr. D. G-. Hendry, in a Carius tube frozen 
with liquid nitrogen. Another tube was prepared which con­
tained benzoyl peroxide (0.6 g.) instead of cyclohexene 
hydroperoxide. The tubes were allowed to stand at room 
temperature for ten days. The solution turned black, and 
considerable solid was observed at the end of this period. 
The reaction products were mixed with dimethylaniline ..in order 
to remove unreacted 3-chlorocyclopentene, washed with 6K 
sulfuric acid and three times, with saturated sodium acid car­
bonate once and with water three times, then dried over cal­
cium chloride. No g.l.c. pea was found which corresponded 
to the peaks observed in the gas-liquid chroma.togram of the 
chlorination product of bromocyclopentane• Similar reactions 
88 
of 3-chlor ocy dopent an e with hydrogen bromide without solvent 
in the presence of anhydrous ferric chloride catalyst or in 
the absence of the catalyst at -70°C. failed to give any 
bromochlorocyclopentane. 
B. A solution of 4-chlorocyclopentene (l-l p.) nrid. 
Skelly A (6 ml•) we s similarly treated with hydrogen bromide 
as mentioned under the preparation of cls-1,3-dichlorocyclo-
pentene C. Upon analysis of the reaction product by p.I.e. 
two peaks, presumably due to cis- and trans-l-bromo-3-chloro-
cyclopentane, were observed in addition to the solvent peak. 
G. A solution (500 ml.) of bromocyclopentane (157 g.) 
in carbon tetrachloride was photochlorin^ted with chlorine 
(43 g.) as described in the preparation of cis-l-dlchloro-3-
cyclopentane D. The reaction product was distilled using a 
Todd column at a pressure of 18.5 mm. Practically pure trans-
l-bromo-3-chlorocyclopentane, n^® = 1.5147, and 91.7;.' pure 
cis-l-bromo-5-chlorocvclopentane. contaminated by 1.9,;2 
trans-l-bromo-3-chlorocvclopentane and a totrl of 6.4# of 
cis-l-bromo-£-chlorocvclopentane and an unknown compound. 
The boiling points were obscured because of slow reflux. The 
n.m.r. spectra of the above fraction support the assignments 
of structure. 
1-Chlorocyclopentene This compound was obtained along 
with 1,1-dichlorocyclopent?ne es mentioned above. In case 
only 1-chlorocyclopentene is needed 1,1-dichlorocyclopentane 
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can be converted to 1-chlorocyclopentëne by treating with 
quinoline (88) . A mixture of 1,1-dichlorccyclopentane (32 
g.) and quinoline (46 g.) was distilled through a short 
Vigreux column. After being washed with 1:1 sulfuric acid 
and water, and dried over calcium chloride 15 g. of 1-chloro-
cyclopentene was obtained, 63% yield, b.p. 102°-106°C./740 
mm. 
1.1-Dlchlorocyclohexane The method in reference (55) 
was followed to synthesize this compound. A fraction 66.8°-
67.8°C./20 mm. was found by g.l.c. to be 93.2/» pure 1,1-di-
20 
chlorocyclohexane, nD = 1.4812. 
trans-1,2-Dichlorocyclohexane The method in refer­
ence (55) was followed to synthesize this compound. A frac­
tion, b.p. 80.0°-81.0°C./20 mm., was 97.1% pure trans-1.2-
20 dichlorocyclohexane, nD = 1.4908. 
cis-1.2-Dlchlorocyclohexane Again the method in 
reference (55) was followed to synthesize this compound. 
trans-2-Chlorocyclohexano1 was prepared by the method of 
Newman and Vanderwerf (89) , and a fraction of the chlorohydrin, 
b.p. 80.0°-86. 5°C ./15 mm., n^ = 1.4849, was obtained. This 
fraction was used as the starting material for preparing cls-
1,2-dichlorocyclopenta.ne and material, b.p. 115.0°-116.3°C ./ 
PB pQ 
50 mm., np = 1.4930, n^ = 1.4951, was obtained. By g.l.c. 
this fraction was found to be 87% pure. 
els- and trans-1,3-Dichlorocyclohexane Both compounds 
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were unreported in the literature. 
A. An attempted synthesis of these compounds was per­
formed by adding 1,3-cyclohexanediol (K and K Laboratories, 
Inc., cis and trans mixture, 8.3 g.) and freshly distilled 
pyridine (33 g.) into thionyl chloride (50 g.) placed in a 
200 ml. three-necked flask fitted with a thermometer, stirrer, 
condenser and dropping funnel, and maintained at 45°C. 
Stirring and heating was continued for six hours after the 
addition was complete. The reaction mixture was added to ice 
water, then steam distilled. Only a few drops of oil were 
obtained. 
B. A solution of 1,3-cyclohexanediol (6 g.) in a 50:50 
mixture (120 ml.) of Skeliy A and chloroform was added to a 
mixture of phosphorous pentachloride (28 g.) and Skeliy A 
(30 ml.) placed in a 200 ml. three-necked flask fitted with 
a dropping funnel, stirrer and thermometer, and maintained 
at -10°—5°G. Stirring and cooling was continued for twelve 
hours after addition was complete. The reaction mixture was 
poured into ice and the organic layer was separated, washed 
with 10/0 sodium carbonate and water, and dried over calcium 
chloride. It was shown that the solution contained mainly 
trans-1,2-dlchlorocyclohexane and a little of cis- and trans-
1,3-dichlorocyclohexane. 
C. To 3-chlorocyclohexene (6.9 g.) placed in a Oarius 
tube and frozen with liquid nitrogen was added anhydrous 
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ferric chloride (0.15 g.). The tube was connected to a vacuum 
line and hydrogen chloride (3.4 g.) was introduced into the 
tube- The tube was sealed and kept at ca. -10°C. for ten 
days. The reaction mixture was taken up with hexane, washed 
with water and dried over calcium chloride. It was shown by 
g.l.c. that the dichlorocyclohexanes were present to the ex­
tent of 6% trans-1.2-dichlorocyclohexane . 32% trans-1,3-di-~ ' 
chlorocyclohexane, 11/= trans-1.4-dlchlorocyclohexane, 46% 
cls-1.5-dlchlorocyclohèxane and 5% cis-l^4-dlchlorocyclo­
hexane. The same experiment was performed for another mixture 
except anhydrous gallium (III) chloride (SO) was used instead 
of ferric chloride. The yield and ratio of dichlorides in 
the latter case were not significantly different from those 
in the former case judged by chromatograms. The solutions 
from both tubes were combined and distilled using the 30 cm. 
Daufton column at a pressure of 37 mm. A mixture of dichloro-
cyclohexanes, b.p. 95°-105°C., was obtained in 2% yield, bost 
of the trans-1.4-dichlorocyclohexane was removed by freezing 
the mixture with Dry Ice-acetone mixture. The two isomers 
of 1,3-dichlorocyclohexane were then isolated by using g.l.c. 
with 1.5 m. diisodecyl phalate (10%) column and 2 m. polypheny1 
ether (20%) column. 
cis- and trans-1,4-Dichlorocyclohexane Although some 
references (91, 92, 93) describe a process for the synthesis 
of cls-1.4-dlchlorocyclohexane via trans-4-chlorocyclohexanol, 
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a simpler method is available to obtain both Isomers (51, 84). 
1,4-Cyclohexanediol (K and K Laboratories, Inc., cis and trans 
mixture, 20 g.) and concentrated hydrochloric acid (86 ml.) 
in a sealed Cariu.s tube was heated at 100°C. for seven hours. 
An upper layer of oil gradually appeared during the reaction. 
This layer was separated, added to ether, washed, and dried 
over anhydrous sodium sulfate. After the ether was evaporated 
the oil was cooled gradually to -20°C. by using an ice-hydro­
chloric acid freezing mixture• Crystals grown during this 
period were separated by filtration. Thus crude trans-1.4-
dichlorocyclohexane (3.0 g.) was obtained. Upon recrystalli-
zation from ethanol pure material (1.3 g.), m.p. 102.0°-
102.8°C., was obtained. The filtrate was distilled using 
the Todd column packed with glass helices at a pressure of 
17 mm. A fraction, b.p. 90.5°-91.5°C ./17 mm., n^ = 1.4947, 
was shown to be 93% pure cis-4-dichlorocyclohexane by g.l.c. 
5-Chlorocyclohexene A synthesis of this compound was 
described in reference (95). tertiary-Butyl hypochlorite 
was prepared by the method of H. M. Teeter and E. VJ. Bell 
(96). To a mixture of cyclohexene (466 ml.) and benzoyl 
peroxide (2 g«) tertla.ry-but.vl hypochlorite ( 76.4 g.) was 
added dropwise so that gentle refluxing occurred. After 
addition was complete the mixture was refluxed an additional 
fifteen minutes. Excess cyclohexene was distilled and the 
residue was fractionated using a 30 cm- Daufton column at a 
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pressure of 84 mm. 3-Chlorocyclohexene (27.3 g.), b.p. 
81°C./84 mm., n§° = 1.4882, in 32# yield was obtained. 
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PART II. CHLORINATION OF ARALXYL HYDROCARBONS 
Introduction 
Greater selectivities of chlorine atoms complexed with 
aromatic rings compared with those of free chlorine atoms have 
been reported (2b, 10a, 20a, 34). Photochlorination of butyl-
benzene was performed in order to ascertain if there is any 
preferred intramolecular attack at the j8 -, f - or <v -posi-
The reactivities of the 01 carbon-hydrogen bonds of a 
series of phenyl substituted toluenes, i.e. toluene, diphenyl-
methane and triphenylmethane, together with those of phenyl-
cyclopentane and phenylcyclohexane relative to the carbon-
hydrogen bond of cyclohexane were measured at several concen­
trations of the aromatic rings and the curves were extrapolated 
to Infinite dilution to obtain the relative reactivities 
toward free chlorine atoms. The per cent chlorination was 
not allowed to exceed 10$ for these competitive photochlorl-
nations. The relative reactivities of the 0i carbon-hydrogen 
bonds and a carbon-hydrogen bond of cyclohexane, 1% /key, 
were calculated from the expression 
kg. _ 12 (Qt -Chloroaralkyl hydrocarbon! (Cyclohexaiiel 
kqy n (ChlorocyclohexaneJ [Aralkyl hydrocarbon J 
tion. 
CI-
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where n represents the number of CL hydrogen atoms of the 
aralkyl hydrocarbon. In cases where the ratio of the hydro­
carbons changed significantly during chlorination relative 
reactivities were calculated from the integrated expression 
given on page 18. 
Identification of Chlorobutylbenzenes 
The details of the syntheses of CL , J9 , T and oo -
chlorobutylbenzene are described in the experimental part. 
The n.m.r. spectra of chlorobutylbenzenes and hydroxybutyl-
benzenes, except for u>-chlorobutylbenzene and the correspond­
ing alcohol, are shown in Fig. 14-19. The spectrum of s 
chloride and that of the corresponding alcohol resemble each 
other. It can be concluded thst the chlorides are unarranged 
products of the alcohols. The n.m.r. spectrum of &-propyl-, 
benzyl alcohol (Fig. 14) and that of (X-chlorobutylbenzene 
(Fig. 15) show the characteristic triplets due to benzylic 
protons at f = 5.6 and 5.3 respectively. The protons at 
the j9 , r and w -positions compose AgBgCg systems and the 
absorptions due to those protons show complicated patterns. 
The n.m.r. spectrum"of l-phenyl-2-butanol and that of 
^-chlorobutylbenzene are shown in Fig. 16 and Fig. 17 
respectively. Absorptions at rf = 6-7 are due to the 
y9-protons of those compounds and are approximately a triplet 
of triplets. Absorption at f = 7-7.5 is due to the benzylic 
Fig. 14. Proton magnetic resonance spectrum of (X. -propylbenzyl 
alcohol at 60 he./sec. in carbon tetrachloride 
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Fig. 15. Proton magnetic resonance spectrum of OL -chloro­
butylbenzene at 60 kc./sec. in carbon tetrachloride 
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Fig. 16. Proton magnetic resonance spectrum of 1-phenyl-2-
butanol ft 60 he./sec. in carbon tetrachloride 
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Fig. 17. Proton magnetic resonance spectrum of p-chloro-
cyclopentane at 60 Mc./sec. in carbon tetrachloride 

Fig. 18. Proton magnetic resonance spectrum of 4-phenyl-2-
butanol at 60 he./sec. in carbon tetrachloride 
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Fig. 19. Proton magnetic resonance spectrum of Y-chloro-
butylbenzene at 60 Mc./sec. in carbon tetrachloride 
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f, p.p.m. 
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protons. Small peaks at T = 7.2-7.5 in Fig. 17 seem to be 
due to the presence of the alcohol as an Impurity in the 
chloride. Complicated absorptions at = 8-9.5 are due to 
the ethyl groups. The hydroxy 1 proton absorption appeared 
at -T = 8 in Fig. 16. It appears that the magnetic field 
experienced by the # , j9 and f -protons in these molecules 
are affected by the presence of an s symmetric center. In 
Fig• 18 and Fig. 19 the n.m.r. spectrum of 4-phenyl-2-butanol 
and that of -chlorobutylbenzene are shown. Absorption at 
Y = 6-6.5 is due to the -protons and seems to be triplet 
of qualtets. In Fig. 17 the hydroxylic proton absorption 
overlapped with them. Absorptions at i* = 7-8.5 ere due to 
the 01 and p -protons. The doublets at T* = 8.9 in Fig. 18 
and f = 8.6 in Fig. 19 are the absorptions of methyl protons. 
The small doublet at f = 8.9 in Fig. 19 is due to the un-
reacted alcohol in the chloride. 
Results and Discussion 
Photochlorlnatlon of butylbenzene 
The relative reactivities of the carbon-hydrogen bond at 
each position of the butyl group of butylbenzene ere presented 
in Table 8 as a function of benzene ring concentration. The 
same data found in Ta.ble 8 are presented in Fig. 20 end Fig. 
21» In these figures aromatic concentration is obtained by 
adding the concentrations of butylbenzene and of benzene. 
Table 8. Photochlorination of butylbenzene at 40°G. 
Mho le Gone.a Solvent 
lylKole 
alpha 
chloro-derivatiyes 
beta gemma oir.egs 
k«L_ 
kw ky kw kp kf 
94.2 6.28 none 2.56 1.35 1.69 0.277 13.9 7.31 9.15 1.90 1.25 
44.9 2.99 CCl4b 2.25 1.26 1.60 0.401 8.45 4.72 5.99 1.81 1.27 
19.9 0.99 CC14 • 1.94 1.11 1.48 0.441 6.61 3 . 78 5.04 1.75 1.33 
19.8 0.99 benzene0 2.84 1.42 1.76 0.210 20.3 10.1 12.6 2.05 1.24 
0 0 cci4 extreporated 5.6 2.8 3.8 1.7 1.4 
aj>iOle/l at 40° G . 
^CC14 = carbon tetrachloride. 
kole/1 . 
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relative reactivity of carbon-hydrogen bonds of 
butylbenzene relative to thèw-position at 40°C. 
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This is an approximation since butylbenzene would be expected 
to be more basic than benzene. 
Relative reactivities of carbon-hydrogen bonds toward 
intermolecular attack are functions of the concentration of the 
aromatic hydrocarbon. For example at 40°G. the relative 
reactivity of a. tertiary and a primary hydrogen atom of 2,3-
dimethyl-butane toward the chlorine atom is 3.9 if the allcane 
is used as its own solvent. 'when the solvent is 4.Oh benzene, 
the relative reactivity is 17.0. When the solution contains 
8.OK benzene, the relative reactivity increases to 40 (2b). 
The relative reactivities of crrbon-hydrogen bonds toward 
intramolecular attack would be expected not to be affected 
by a change in the concentration of aromatic rings. If a 
preferred intramolecular attack occurs at some position on 
the alky! chain, the relative reactivity of this hydrogen atom 
should be higher than normally expected at low aromatic ring 
concentration and the curve as a function of aromatic concen­
tration should have some peculiarities since as the concen­
tration of aromatic hydrocarbon is increased the chlorinatlon 
should pass from a process involving a free chlorine atom 
and/or intramolecular attack to one involving mainly inter­
molecular attack. The curves in Fig. 16 seem reasonable if 
no intramolecular attack is assumed. 
Solvent effects due to complexing solvent (intermolecu­
lar) are observed and the steeper curve of k& /k*, is without 
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doubt due to the greater stability of the OC -propylbenzyl 
radical. The relative reactivity of the omega hydrogen atoms 
can be taken as a standard since no effect of the phenyl group 
should be present at this position unless a preferred intra­
molecular attack had occurred. The value of k> /kw at 
infinite dilution is 3.8. The relative reactivities of the 
secondary hydrogen atoms and the primary hydrogen atoms of 
n-pentane toward the free chlorine atom have been reported 
to be 3.7 at 25°C. (10a). Extrapolated values at infinite 
dilution (Fig. 20) are accompanied with relatively large 
uncertainties compared with values determined directly by 
experiments. The uncertainties of the extrapolated values 
in Fig. 20 may be as high as + 1.0. Thus, the value of 3.8 
is reasonable, if little or no inductive effect of the phenyl 
group at the gamma- and omega—positions is assumed. 
The value of k@ /ku at infinite dilution is 5.6. This 
value is higher than the reactivity of the alpha hydrogen 
atom of ethylbenzene relative to the primary hydrogen atom 
of 2,3-dimethylbutane,* 3.5, and is reminiscent of the reac­
tivities of the alpha hydrogen atoms of indan and tetralin 
relative to the primary hydrogen atom of 2,3-dimethylbutane 
*H. D. McBride. Department of Chemistry, Iowa State 
University of Science and Technology, Ames, Iowa. Relative 
reactivity of ethylbenzene toward chlorine atoms. Private 
communication to Dr. Glen A. Russell, Department of Chem­
istry, Iowa State University of Science and Technology, Ames, 
Iowa. 1960. 
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(23), 6.1 and 5.8 respectively. The relative reactivity of 
the alpha hydrogen atom of butylbenzene will be discussed 
later in connection with the value of /kj9 at infinite 
dilution. Turning to Fig. 21, the value of k y /k p is 1.4 
and rather independent of solvent. This value can be ascribed 
to the inductive effect of the phenyl group on the hydrogen 
atoms at the beta-position or to the fact that the gamma-
radicsl can be stabilized by 5 hyperconjugative structures but 
the beta-radical by only 4. When the curve of k& /kp (Fig. 
£1) Is compared with the corresponding curves for indan and 
tetralin (23), solvent effects are apparent only for the 
cyclic aralkyl compounds. A possible explanation is that the 
resonance stabilization of the incipient alkyl radical is 
more important in higher aromatic concentrations (i.e., when 
the attacking chlorine atom is complexed). Therefore, the 
formation of the CI -propylbenzyl radical, in which there Is 
sterlc Inhibition of resonance from the interaction between 
the ortho hydrogen atoms and the hydrogen atoms and the ethyl 
group on the beta carbon atom, is not particularly favored by 
complex!ng solvents whereas for alpha-radicals from indan 
and tetralin there is no such interaction and the formation 
of these radicals Is favored by complex!ng solvents (16). 
However, It appears that such Interaction is not important 
when the attacking species is the free chlorine atom (23). 
This also best explains negative solvent effects in the photo-
% 
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chlorinations of phenylûyclohexane and phenylcyclopentane. 
The value of k& /'&.p at infinite dilution is 1.7. This is 
not significantly higher than the estimated velue of the 
corresponding values for indan and tetralin, 1.2 and 1.15 
respectively (23), if the uncertainties accompanied with 
extrapolation are taken into account. However, a difference 
between butylbenzene and indan or tetralin is that in the 
case of the latter compounds the tX hydrogen atom is activated 
by the ortho methylene substituent. It has been reported 
that in the series of n-pentsne, n-hexane and n-heptene the 
relative reactivities observed for the whole molecule in­
creases as the chain lengthens to & greater extent than would 
be expected from the values calculated from the relative 
reactivities of the primary and the secondary hydrogen atoms 
of n-pentane (97). Moreover, the secondary hydrogen atom of 
butane is more reactive than that of propane (2d). 
In conclusion, it appears that no evidence for a pre­
ferred intramolecular attack et any position of the elkyl 
chain of butylbenzene was found. 
Competitive chlorinatlon of aralk.vl 
hydrocarbons with cyclohexane 
Cyclohexane was chosen as the reference hydrocarbon 
because of its physical properties and because its reactivity 
is known relative to many other aliphatic hydrocarbons. The 
data for competitive chlorinations with cyclohexane as a 
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function of the aromatic concentration are in Table 9. These 
data are shown graphically in Fig. ££ and Fig. 23. 
The results of the competitive chlorinatlon of toluene 
and cyclohexane in nitrobenzene solution agrees well with the 
previous data in reference (10a). The low reactivity of 
toluene at higher aromatic concentrations suggests com­
pensating effects. Complexing a chlorine atom with an aro­
matic molecule should decrease the importance of R+H*C1 as 
a contributing structure to the transition state and increase 
the importance of structures such as R-H-Cl. Table 10 lists 
the relative reactivities of toluene, diphenylmethane and 
triphenylmethane toward various radicals together with the 
relative reactivities of ethylbenzene and cumene. The chlor­
ine atom is the most reactive species. The tertlary-butoxy 
radical end the phenyl radical show similar select!vities 
toward hydrogen atoms of aliphatic hydrocarbons. For example, 
the relative reactivities of the secondary hydrogen atom and 
the primary hydrogénation of n-butane are 1:7.9 and the rela­
tive reactivities of the tertiary hydrogen atom and the pri­
mary hydrogen atom of £,3-dimethylbutane are 1:44 toward the 
tertlar.v-butoxy radical (25). Corresponding ratios toward 
the phenyl radical are 1:9.5:47 (98). However, electron 
affinity of the tertlary-butoxy radical is greater than for 
the phenyl radical. Thus, the hydrogen atom of triphenyl­
methane is more reactive toward the phenyl radical than toward 
Ill 
Table 9. Competitive photochlorination of cyclohexane and 
aralkyl hydrocarbons at 40°C. 
Aralkyl 
hydro­
carbon 
(mole) 
Cone. 
Cyclo- aralkyl 
hexane hydro-
(mole) carbona 
Added , 
solvent 
Chlorinatlon 
products, mmole 
Chloro- Alpha-
cyclo- chloro 
hexane aralkyl Ac Y 
To lue ne 
0 •m 0 NB or CY extrapolated 0.5 
0.0150 0.00734 1.00 NB 0.872 0.213 0.45 
0.0150 0.00188 1.00 NB 0.381 0.407 0.49 
0.0297 0.01467 2.00 NB 1.077 0.211 0.35 
0.0299 0.00360 1.99 NB 0.525 0.447 0.38 
0.0449 0.00549 3.00 NB 0.782 0.613 0.35 
Dlphenylmethane 
0 0 NB or CY extrapolated 1.5d 
0.0076 0.0075 0.50 NB 0.652 0.270 1.57 
0.0151 0.0149 1.01 NB 1.40 0.283 1.15 
0.0149 0.0149 0.9: NB 1.59 0.332 1.20 
0.0149 0.112 0.99 none 2.57 0.082 1.44 
0.0151 0.0146 1.01 NB 1.98 0.654 1.84 
0.0225 0.0226 1.50 NB 1.09 0.301 1.64 
0.0325 0.0323 2.17 NB 1.12 0.275 1.42 
0.0323 0.0858 2.15 none 3.42 0.326 1.50 
0.0547 0.0514 3.64 none 2.08 0.802 2.15 
Trlphenylmethane 
0 0 NB extrapolated 3.7d 
0.0075 0.00750 0.50 NB 0.631 0.246 4.54 
0.0150 0.0376 1.00 nb 2.619 0.390 4.48 
0.0225 0.0&24 1.50 NB .0 .927 0.415 5.28 
akole/l. at 40°C. 
NB = nitrobenzene, CY = cyclohexane. 
cPer hydrogen atom. 
^From Fig. 22. 
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Table 9. (Continued) 
Aralkyl 
hydro- Cyclo-
ce rbon hexane 
(mole) (mole) 
Conc. 
eralkyl 
hydro- Added 
carbon solvent 
Chlorinatlon 
products, mmole 
Chloro- Alpha-
cyclo- chloro 
hexane aralkyl k& /kgy 
Phenylcyclohexane 
0 0 KB extrapol .ated 3 .6 
0.0177 0. 0185 1.18 KB 0.837 0.214 3 .17 
0.0178 0. 0185 1.18 NB 0.596 0.159 3 .31 
0.0353 0. 0361 2.35 NB 1.409 0.348 2 .99 
0.0353 0. 0361 2.35 NB 1.135 0.263 2 .84 
0.0522 0. 0536 3.48 none 1.029 0.211 2 .50 
Phenylcyclopentane 
0 0 NB extrapolated 4 . 7e 
0.0150 o. 0152 1.00 NB 0.600 0.210 4 .21 
0.0189 0. 0189 1.26 NB 0.498 0.160 3 .81 
0.0379 0. 0375 2.52 NB 0.635 0.164 3 .08 
0.0379 0. 0375 2.52 KB 0.888 0.227 3 .03 
GFrom Fig. 23. 
the tertlary-butoxy radical although the difference in the 
reactivities of the tertiary hydrogen s torn of cumene toward 
both radicals is small. In the case of the chlorine, atom, 
the reactivities of the secondary hydrogen atoms of ethyl­
benzene and diphenylmethane ere probably identical within 
experimental uncertainty whereas the reactivity of the 
tertiary hydrogen atom of triphenylmethane is higher then 
that of cumene by 30/2 which is larger then the experimental 
uncertainty. One might have expected that the tertiary 
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Table 10. Relative reactivities of some aralkyl hydrocarbons 
toward various radicals 
Hydrocarbon 
CI-
40°C . 
cci3-a 
40°0. 
Br •a 
40°C . 
<t>- (98) 
60°C. 
t-BuO*(25) 
40 C . 
Toluene i.ob 1.0° 1.0b i.ob i.ob 
Ethylbenzene 2.5° 50 16 4.42 3.18 
Cumene 5.5d 260 36 9.78 6.84 
Diphenylmethane 2.0 50 10 7.55 4.70 
Triphenylmethan e 7.2 200 18 38.7 9.60 
8Resuits of 1-j.r. C. DeBoer . 
^Assumed. 
^Results of îdr. H. D. kcBride. 
^Reference 23. 
hydrogen atom of cumene would be more reactive than that of 
triphenylmethane since the chlorine atom is s highly electron 
deficient species. However, it seems likely that the rela- __ 
tive effects of substitution of methyl and phenyl groups is 
also a function of the reactivity of the radical. For 
example, the relative reactivities of the secondary hydrogen 
atom of ethylbenzene and the tertiary hydrogen atom of cumene 
toward the trichloromethyl radical are 1:5.2. The corre­
sponding ratio toward the bromine atom is 1:2.2. The rela­
tive reactivities of the secondary hydrogen atom of ethyl­
benzene and diphenylmethane are 1:1 whereas the corresponding 
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ratio toward the bromine atom is 1.6:1. If these ratios 
were controlled only by the electron affinities of the 
attacking species, one might think that the difference of 
reactivity ratios of the" secondary hydrogen atom of diphenyl­
methane and the tertiary hydrogen atom of triphenylmethane 
toward the trichloromethyl radical and toward the bromine 
atom would be more pronounced. The observed ratios are 1:4.0 
and 1:1.8 respectively. (Compare with 1:5.2 and 1:2.2 shown 
above.) Therefore, it seems likely that the effect due to 
high reactivity can cancel the effect due to high electron 
affinity. This would suggest a weakness in assigning statis­
tical factors based on the number of hydrogen atoms in com­
puting relative reactivities. Although there is some vari­
ation of the effect of substitution of the methyl and the 
phenyl group as discussed above, toward the chlorine atom 
the effects of the activation of the hydrogen atom by the 
methyl group and by the phenyl group are nearly equivalent. 
This is ascribed to the high reactivity and the high electron, 
affinity of the chlorine atom. The change of the slope of 
lines in Fig. 22 from toluene to triphenylmethane is an 
indication of the change of the bond dissociation energy of 
the alpha-hydrogen atoms of these compounds. In Fig. 23 the 
lines for phenylcyclohexane and phenylcyclopentane have nega­
tive slopes. The corresponding line for cumene (23) hafc a 
nearly zero slope which could not be expected from the lower 
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bond dissociation energy of cumene compared with cyclohexane. 
A possible explanation is that steric inhibition of resonance 
from the interaction of the ortho hydrogen atoms and the beta 
hydrogen atoms of the incipient alpha radicals derived from 
those compounds (16) at high aromatic concentration. In the 
case of phenylcyclohexane and phenylcyclopentane, there is no 
free rotation of the carbon-carbon bond of the cycloalkane 
ring. Therefore, the stronger interaction can be expected for 
phenylcyclohexane end phenylcyclopentane than for cumene. 
However, it appears that such interaction is not important 
when the attacking species is the free chlorine atom (23). 
The higher reactivities of the tertiary hydrogen atom of 
phenylcyclohexane (3.6 if the reactivity of a hydrogen atom 
of cyclohexane is assumed 1.0) and phenylcyclopentane (4.7) 
than that of cumene (£.9), could be explained by larger elec­
tron donating ability of the cyclohexane ring and the cyclo-
pentane ring than two methyl groups to the alpha carbon-
hydrogen bond as discussed during the comparison of the rela­
tive reactivity of the alpha hydrogen atoms of ethylbenzene 
and butylbenzene. However, the secondary hydrogen atoms of 
n-pentane are more reactive than those of cyclohexane and 
cyclopentane toward free chlorine atom (10a) (I strain). 
The photochlorination of 1.50M fluorene and 1.49k 
cyclohexane in nitrobenzene solution was also performed. No 
peak due to chlorocyclohexane was found in the chromatogram 
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of the chlorinatlon products. This might imply that a very 
fast ionic substitution into the aromatic ring had occurred. 
This result indicates that the reactivity of the alpha hydro­
gen atom of fluorene relative to s hydrogen atom of cyclo­
hexane must be greater than 15. The solubility of fluorene 
in cyclohexane is only 0.67 mole/1, et 40°0. The result of 
a photochlorination of 0.25M fluorene in cyclohexane solution 
indicated a relative reactivity of 3.0. The letter value is 
more reasonable. However, at lower concentration of aralkyl 
hydrocarbon analysis of the alpha chloride is accompanied 
with larger experimental uncertainty. Further investigation 
of the photochlorination of fluorene was abandoned. 
Experimental 
Apparatus and procedure 
The same photochlorination apparatus and procedure 
described in Part I was used. 
Analytical procedure 
For the analyses of chlo ro butylbenzene s (except for Oi -
chlorobutylbenzene), a Perkin-Elmer Model 154D Vapor Fracto-' 
meter with a 300 foot 1/811 internal diameter Go la y column 
packed with polypropylene glycol was used at 128°C. Nitro­
benzene was used as the internal standard. The isomeric p , 
t and w-chlorobutylbenzenes were synthesized and the peaks 
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due to the separate isomers identified. The thermoconductiv-
ities of these isomers have been assumed to be identical. 
The retention times increased with increasing separation of 
the phenyl and the chlorine substituents. In the injector 
of the chromatograph, a glass covered heating element was 
installed in order to prevent decomposition of the chlorides. 
However, 01 -chlorobutylbenzene still decomposed to give an 
extra peak, presumably due to j&-ethylstyrene, end the extent 
of decomposition was not reproducible. For the analysis of 
OL-chlorobutylbenzene selective hydrolysis of aliquots of the 
chlorinatlon product in 80;% ethanol solution with stirring 
(heterogeneous) at 60°C. was employed. The hydrolysis was 
followed by directly titrating with 0.1N sodium hydroxide the 
hydrogen chloride liberated. The hydrolysis was complete in 
24 hours as evidenced by the constancy of the sodium hydroxide 
titer. Under the same conditions the other isomeric chloro -
butylbenzenes are not hydrolyzed. The hydrolyzed product was 
titrated potentiometrically with 0.05N silver nitrate after 
V 
the sodium hydroxide titer became constant. Blank corrections 
were applied. 
The alpha-chlorides formed in the competitive photo-
chlorinations of diphenylmethane, triphenylmethane, fluorene, 
phenylcyclopentane and phenylcyclohexane with cyclohexane were 
determined by selectively hydrolyzing aliquots of the reaction 
mixture in 80% ethanol at room temperature. The titration 
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procedure was the same as described for cL -chlorobutylbenzene. 
The chlorocyclohexane was determined by g.l.c. as described 
in Part I with the 2 m. Perkin-Elmer B column (reportedly 
di-£-ethylhexylsebacate) at 110°C. Toluene was used as the 
internal standard. Excellent agreement was found when the 
Rauscher method (99) for the determination of total chlorine 
was employed and the difference between total chlorine and 
easily hydrolyzed chlorine was assumed to be chlorocyclo­
hexane • 
Reagents 
Aldrich butylbenzene (puriss grade), Phillips toluene 
(99.9 mole % minimum purity) and Eastman Kodak diphenylmethane, 
triphenylmethane, and phenylcyclohexane were employed. East- ' 
man-Kodak fluorene was recrystallized from absolute ethanol, 
m.p- 113•5°-114.4°C• Phenylcyclopentane was prepared from 
bromocyclopentane (100 g.) and benzene (59 5 ml.) in the 
presence of anhydrous aluminum bromide (11 g.) . The general 
method for the Friedel-Crafts reaction described in references 
(100) and (101) was followed. Phenylcyclopentane, b.p. 
£16.0°-216.5°C., = 1.5288, was obtained in 50% yield. 
Both Eastman-Kodak cyclohexane (spectrograde) and Phillips 
cyclohexane (99 mole % minimum purity) were used. The nitro­
benzene, carbon tetrachloride and benzene used were described 
previously in Part I. 
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Synthesis of chlorobutylbenzenes 
# -Chlorobutylbenzene The synthesis of this compound 
from the reaction of Ot -propylbenzyl alcohol with thlonyl 
chloride is reported (102). Ct-Propylbenzyl alcohol (45 g. ) 
was placed in a 100 ml. three-necked flask fitted with a 
frittered glass ges inlet tube and a calcium chloride drying 
tube. As anhydrous hydrogen chloride was passed into the 
alcohol, heat we s evolved and s water layer separated in the 
bottom of the flask. Cooling by an ice-water bath was applied 
when necessary. The addition of anhydrous hydrogen chloride 
was continued until the amount of the water layer became con­
stant . After the water layer was removed the organic layer 
was dried with anhydrous magnesium sulfate overnight. Hydro­
gen chloride was removed by evacuation of the flask contain­
ing the chloride. After distillation through a simple Claisen 
head at a pressure of 1 mm., 41 g. (81% yield) of the product 
was obtained, b.p. 60°-61°C./l mm., nfp = 1.5164. An analysis 
of this product by hydrolysis, as described earlier in this 
section, indicated that the chloride was 97;* pure. 
j9-Chlorobutylbenzene This compound has not been 
reported in the literature. A mixture of l-phenyl-2-butanol 
(22 g•) and pyridine (23.8 ml.) was added dropwise to thlonyl 
chloride (22.4 ml.) placed in a 250 ml. three-necked flask 
fitted with a dropping funnel, stirrer and thermometer. 
During the addition the temperature was kept at 0°-5°C. 
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Stirring was continued for 24 hours after addition was com­
plete • The mixture was poured over ice, transferred to a 
separatery funnel, ether (20 ml.) added, end the organic layer 
separated, washed with water six times snd dried over anhy­
drous magnesium sulfate. This material was distilled at a 
pressure.of 1 mm. by using a 30 cm. Daufton column and a 
fraction 63.2°-64°C. (4.5 g., 18,# yield) was collected. By 
g.l.c. analysis this product was shown to be composed of 91;& 
of the desired chloride snd 2% of unreacted l-phenyl-2-
butanol. A higher yield might be expected for this reaction 
and the similar reaction for the preparation of the t-chloro-
butylbenzene if the temperature were increased since some 
unreacted alcohol was recovered. However, too high a tempera­
ture will result in the formation of olefins. 
f-Chlorobutylbenzene J. von Braun and l. Neuman 
(103) synthesized this compound by decomposition of the 
benzamide of f-amlnobutylbenzene. Later W. Schlenk and E. 
Bergman ( 104) attempted to synthesize this corn-round by the 
reaction of 4-pheny1-2-butano1 with thlonyl chloride. They 
reported that the chloride was decomposed during the distilla­
tion at a pressure of 16 mm. 
4-Pheny1-2-butano1 (40 g.) was reacted with thlonyl 
chloride (40.4 ml.) in the presence of pyridine (43 g.) In a 
similar manner to the procedure described for /9-chlorobutyl-
benzene. The fraction, b.p. 61°-64°C./l mm., np° = 1.5131, 
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was found to be composed of 96,'o of the chloride and 4# of 
4-pheny 1-2-butano 1 by g..l.'c. analysis. The yield was 10.1 g. 
(23#) .  
u;-Chlorobutylbenzene This compound was synthesized 
by the method described by J. von Braun ( 105). K-Benzoyl-4-
phenyl-l-butylamine was prepared from 4-pheny1-1-butylamine 
(50 g. Aldrich Ohern. Co.) snd benzoyl chloride (54 g.) by the 
Schotten Bauman reaction. After the recrystallization from 
95/3 ethanol, the amide, m.p. 83°-83.5°C. , was obtained in 70# 
yield. The benzamide (60 g.) and phosphorous pentechloride 
(50 g.) were placed in a 250 ml. distilling flask and 
heated to 150°C• to distill out phosphoryl chloride. Then 
o o 
the temperature was raised from 180 C. to 250 C. to distill 
the mixture of benzonitrile and co-chlorobutylbenzene. For 
the separation of the benzonitrile vacuum distillation 
through a 30 cm. Daufton column was employed, instead of the 
hydrolysis in concentrated hydrochloric acid at 160°C. used 
by J. von Braun. A fraction (12 g. ), b.p. 118.5°C./14 mm., 
n25 = 1* 5167, • was obtained. It was found to be 100,2 pure by 
g.l.c• analysis. 
QL-Propylbenzyl alcohol This compound was prepared 
from n-propyl bromide (242 g.) and benzaldehyde (189 g.) by 
the Grignard reaction. The crude product was obtained in 80# 
yield. After the distillation through a Todd column packed 
with Monel helices, a fraction, b.p. 110°-113°C./10 mm., 
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rip = 1.5137, was obtained. 
1-Phenyl-2-butanol This compound has not been report­
ed in the literature. An attempted synthesis was made by fol­
lowing the method described for 1-pheny1-2-propano1 in refer­
ence (106). The reaction gave a very poor yield probably due 
to the self condensation of pherylacetaldehyde and purifica­
tion by recrystallizatlon of the half-ester of phthallc acid 
(107) was required. Thus, the alcohol was prepared from 
1-pheny1-2-butanone (100 g., K and K Laboratories) by reduc­
tion with lithium aluminum hydride (7.7 g.) by following the 
general method described in reference (108). After distilla­
tion through a Todd column packed with konel helices, a frac­
tion, b.p. 74°-75°C./I mm., n^0 = 1.5161, was obtained in 
74% yield. 
4-Phenyl-2-butanol This compound was prepared from 
benzalacetone (250 g., katheson, Coleman and Bell) by hydro­
génation in the presence of copper-chromium oxide catalyst 
under 2000 p.s.i. at 150°-175°C. (109). The crude product 
gave a positive test with 2,4-dinitrophenylhydrazine. By the 
distillation through a Todd column packed with konel helices, 
a fraction (100 g.) which was negative to 2,4-dinitrophenyl-
hydrazine, b.p. 124°C ./14 mm., n^ = 1.5172, was obtained. 
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SUMMARY 
A study of the chlorinatlon, principally by chlorine end 
light, of chloro snd bromocyclopentsne and chlorocyclohexane 
was performed. Dihalocycloalkanes in the chlorinetion 
products were analyzed by gas liquid chromatography. Authen­
tic samples of all the dihalocycloalkanes were synthesized. 
The tendency for the attack of the chlorine atom to occur 
preferentially at carbon-hydrogen bonds remote from the 
halogen substituent has been observed. It appears that the 
Inductive effect of the chlorine substituent is negligible 
for a hydrogen atom in the 4-position. The higher reactivity 
of the hydrogen atoms at the 2-position of bromocyclopentane, 
ça. twice as high as those of chlorocyclopentane, is remin­
iscent of participation of the bromine substituent which was 
first suggested by H. L. Goering et al. (63, 64b, 75) for 
stereo specific addition of hydrogen bromide to olefins through 
free radical mechanism. 
Significant stereochemistry has been observed in the 
reaction of halocycloalkyl radicals with molecular chlorine. 
Similar stereochemistry for the reaction of chlorocyclopentyl 
and chlorocyclohexyl radicals with molecular chlorine could 
be interpreted as being due to the lack of appreciable con­
formational stability of cyclohexyl radicals end the greater 
stability of "trans" transition states for the reaction both 
in the cyclopentyl and cyclohexyl systems. 
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A study of directive effects in the chlorinatlon of 
aralkyl hydrocarbons was also undertaken. A possible pre­
ferred attack at the ft, f, or vu -position of butylbenzene 
by intramolecular reactions of the complexed chlorine has 
been investigated. No evidence was found for such an intra­
molecular process. 
The chlorinatlon of toluene, diphenylmethane and tri-
phenylmethene has shown that the substitution of e methyl or 
a phenyl group for a hydrogen atom produces essentially the 
same change in the reactivity of remaining alpha hydrogen 
atoms toward a chlorine atom. 
\^C1 
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